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Existing rigid and flexible overlay pavement design methods are empirical, and

they use specified level of cracking or visual deflection as the defined failure con-
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rent analytical models provide greatly improved abilities to examine the overlay
pavement structure. Emphasis by many agencies on life-cycle cost analysis and more
sophisticated maintenance and rehabilitation strategies require methods of predicting
pavement performance rather than simply developing safe designs. A .layered-elastic
analytical model was selected to evaluate stresses from applied loads in the pavement
structure. Pavement performance was measured in terms of a structural condition
index (SCI) which related the type, degree, and severity of pavement cracking and
spolling on a scale of 0 to 100. Models were developed to represent the effect of
cracking in base slabs under the overlay, to account for fatigue damage of previous
traffic on the base pavement, and to account for the effects of substandard load
transfer at slab joints. The predicted performance of rigid overlays and pavements

using this analysis was checked against the results of full-scale accelerated traffic
tests conducted by the Corps of Engineers and against current overlay design methods
and was found to provide reasonable agreement.' The design methodology for rigid
overlays uses the layered-elastlc analytical model and the analysis of fatigue crack-

ing in the base slab to predict rigid overlay deterioration in terms of a SCI. Pre-
dictive models for reflective cracking are not currently available so that
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16. Abstract (Continued).

application of the methodology to flexible overlays is more limited. The pro-
posed design approach for flexible overlays is to (a) prevent cracking in an
uncracked base slab to avoid reflective cracking from base slab cracks,
(b) minimize further cracking in an already cracked base slab to reduce future
reflective cracking, and (c) check asphalt tensile strain and subgrade verti-
cal strain.
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INTRODUCTION

A design of rigid and flexible concrete overlays to upgrade existing
concrete base pavements for airport pavements today use the same techniques
that were developed by the US Army Corps of Engineers (CE) over 30 years ago.
Although current methods of concrete pavement design have developed into a
blend of theory, laboratory investigation, field testing, and modifications
based on observed field behavior, overlay design continues to be purely
empirical and is based on a limited number of tests conducted during the
1940's and 1950's. The need for rehabilitation of existing pavement
facilities is more important than ever before, and continued reliance on an
empirical design approach for such a basic rehabilitation technique as
pavement overlays needs to be reevaluated.

An analysis of in-service pavements revealed that the current methods of
concrete pavement design have proven adequate in the past for selecting new

airfield pavement thickness 3 9  . However, similar analysis of in-service
overlays comparing their performance with a design method has not been
performed. A group of consultants reviewed to the Waterways Experiment Sta-
tion (WES) the existing CE overlay design method and their review is summa-

14
rized by Chou . The group identified a number of problems with the current
overlay design approach. Inconsistent failure definitions and inadequate
empirical equations are major limitations of the design method. Future
requirements for life-cycle cost analysis and improved methods for pavement
rehabilitation will need an improved mechanistic analysis approach. A review

of concrete overlays by Hutchinson also suggested replacing the current
empirical approach with a new theoretical design procedure.

Pavement design procedures may either develop a safe design which will
not fail under future traffic, or they may attempt to predict future pavement
performance. The current concrete pavement and overlay design methods use the
safe design approach wherein thicknesses of pavement are selected for some
specified design traffic to keep the surface pavement above a predefined fail-
ure level in terms of slab cracking. The current approaches have been found
"to be generally adequate for structural design of new concrete pavements but
have been strongly questioned for overlay design.

lit recent years numerous Government agencies have placed new emphasis on
life-cycle cost analyses, growing pavement rehabilitation requirements, and
effective pavement management. This change in emphasis requires design meth-
ods capable of predicting pavement performance, and previous safe design

approaches are no longer totally satisfactory. Witczak84 stated that

However, this approach (safe design approach), while
sound for other engineering designs, leads to exces-
sive costs and, furthermore, provides little, it any,
ability to predict deterioration and, hence, perfor-
mance with time. In the author's opinion, this latter
concept (design predicting performance) is absolutely
mandatory if pavement design is to ever achieve a

I
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'higher step' in rational design concepts. As a
result, the overall interaction of initial fracture
prediction, rate of crack propagation, subsequent
distress-to-performance relationships, and a failure
level based upon functional concepts is considered
necessary in order to truly define a procedure that
can predict future pavement performance.

The need for an improved overlay design method has been noted by a num-
31 14ber of investigators including Hutchinson and the WES consultants . Fur-

thermore, this improved method should use a mechanistic approach and be capa-
ble of predicting pavement performance rather than simply providing a safe
design. The ability to predict performance allows a realistic appraisal of
alternate strategies of rehabilitation and maintenance of pavements. The
objective of this study is to develop a mechanistically based design procedure
for overlays of an existing concrete base pavement. This design procedure
will predict deterioration of the pavement as a function of applied traffic.
"The design procedure for rigid overlays will be developed first and then will

_* be extended to flexible overlays.

APPROACH

This study will evaluate potential analytical models to calculate
stresses within the overlay system and select one that best represents the
layered structure of the overlay system that can reasonably model the inter-
actions of aircraft loads, pavement geometry, and material properties. Meth-
ods of quantitatively measuring the pavement performance will be developed,
and predictive performance models compatible with the analytical model will be
established. A design methodology will be developed that will use analyti-
cally determined stresses to predict the deterioration of the base pavement
and overlay under traffic. This design methodology will then be checked
against the Corps of Engineers accelerated traffic test sections and design
methods to evaluate the approach.

14
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BACKGROUND

CURRENT AIRPORT RIGID PAVEMENT DESIGN

At present, thickness designs for concrete airport pavements use a
fatigue analysis. Tensile stresses in the bottom of the slab from a selected
design aircraft are calculated and then related to passes of the design air-
craft through a fatigue relationship. The most widely used concrete airfield
design procedures in the United States were developed originally by the

65 57
CE and the Portland Cement Association (PCA) . The CE approach is used by
the US Army, the US Air Force, and the Federal Aviation Administration (FAA).
The PCA approach is used by the US Navy and a number of commercial designers.
These two approaches differ primarily in the analytical models and fatigue
relationships used, but each individual agency also modifies these basic
approaches to reflect its specific needs and experiences.

In order to implement any design approach, the aircraft traffic on the
pavement must be analyzed; the real pavement structure and aircraft loads must
be idealized so that tensile stresses may be calculated by an analytical
model; these stresses must be compared with some fatigue criterion to deter-
mine the number of load cycles the pavement can withstand, and the field per-
formance of pavements designed with these idealizations must be evaluated to
make adjustments in the design approach. The following sections present in
"more detail some of the specific idealizations and assumptions used in current
airport design approaches.

AIRCRAFT TRAFFIC

Aircraft do not traverse the same point on a pavement with each pass of

the aircraft. Studies of aircraft traffic at airfields9,28 developed the con- -.
cept of using a normal distribution to develop a pass-to-coverage ratio that

represents the variable pattern of aircraft traffic. Brown and Thompson's9

observations found that 75 percent of the traffic on a channelized traffic

area such as a primary taxiway or runway was concentrated within a 70-in.

vwander width. For less channelized traffic areas such as runway interiors or
parking aprons, a representative wander width was 140 in. For an aircraft
gear with a single wheel, the pass-to-coverage ratio is the inverse of the
maximum probability of the wheel passing over a point within the traffic lane
or as shuwn in equation 1:

P 1 (1)SC C xW t

aA table of factors for converting non-St units of measurement to SI (metric)

units is presented on page v.

3



% where

P/C = pass-to-coverage ratio

CC = maximum ordinate of the normally distributed curve of the
X applied traffic

Cz

x

CZ = maximum ordinate of the standard normal distribution curve
(tabulated values found in Harr 22)

ax = standard deviation of the applied traffic distribution

W = width of the tire

1However, if the gear contains a second wheel, the distribution of each
wheel must be added together to determine a composite distribution and
equation I becomes

P 1 (2)SCc Wt

x (

where

Cxc = maximum ordinate of the composite distribution found by
summing the individual wheel distribution curves

For instance, a 70-in. wander width which is defined to include 75 percent of
the total traffic has a standard deviation of 30.43 in. The maximum ordinate
from the standard normal distribution for a single wheel is 0.399. Therefore

(z 0. 399
SC x 01 3043 0.0131 (3)

The h-727 has two 13.5-in.-wide tires :tpaced 34 In. apart. When the distribu-
tion curves of these two tires are addd together, the maximum ordinate C

is_,; of the composite curve is 0.0228, and the pass-to-coverage ratio becomes xc

5(4)

-Cc W 0.0228 x 13.5 (4)
SC = Xc t

- 3.25
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The maximum tensile stress is normally underneath the tire of the B-727.
Consequently, the number of coverages on a concrete pavement is the maximum
number of stress repetitions to which the concrete is subjected. Certain
twin-tandem gears such as the B-747 develop only a single maximum stress
between the forward and trailing wheels. These trailing wheels are not
counted in determining a pass-to-coverage ratio for rigid pavements as they

9
are for flexible pavements. Brown and Thompson identify these aircraft and
tabulate pass-to-coverage ratios of 70- and 140-in. wander widths for a vari-

ety of current civil and military aircraft.

The actual traffic at an airport will almost always consist of a mixture
of different sizes of aircraft with varying gear configurations. Not only
does the pattern of traffic cause difficulty in formulating the problem, but
also the mixture of aircraft with each aircraft type causing a different
stress level must be considered in the analysis. Furthermore, aircraft of the
same type operate at varying loads, sometimes at only 70 to 80 percent of the
maximum gross load.

Landing aircraft are often thought to Impart an impact load on the pave-
ment, but this is unsubstantiated. Tests conducted by the CE during World
War II found that a dynamic load could only be measured during intentionally

77hard landings that often resulted in mechanical damage to the aircraft
43

Later more extensive tests were conducted jointly by the FAA and the CE
These tests found that concrete pavements tended to show relatively flat pres-
sure and deflection responses to a wide variety of aircraft operations. The
responses were a maximum for the stationary aircraft loads but decreased some-
what for taxiing, landing, and rotation. Flexible pavements showed much
sharper and more pronounced peak measurements for the static loads compared
with other aircraft operations than did the concrete pavement.

The actual traffic at an airport is a complex combination of varying
aircraft types, gear configurations, and loads following diverse patterns of
traffic at varying speeds. To reduce this situation to manageable propor-
tions, airfields are usually designed only for departing aircraft on the
assumption that the lighter landing aircraft have little effect, Simplicity
aircraft are assumed to operate at maximum load in the absence of more
detailed information. Agencies such as the CE or the FAA include in their

published design procedures23,78 methods to convert a mixture of aircraft into
equivalent passes of the single, most severe aircraft loading in the mixture.

ANALYTICAL NODEI.S

The first analytical models for theoretical onalysis of concrete pave-
82,83

ments were developed by Westergaard 8  . These models characterized the
pavement as a thin elastic plate supported on a bed of independent springs.
Three stress solutions were developed: (a) a load in the interior of a slab
infinite in horizontal directions, (b) a load adjacent to an edge of a slab
infinite in the other three horizontal directions, and (c) a load on a corner
of a slab infinite in the other two horizontal directions. These solutions
are as follows:



Interior Loading

, 33P ( + v) In (2k + 0.5-y + 3P(I + v)

21h 

64 
h2 

a

Edge Loading

3 +v)P [in (Eh + 1.84 -( + 1 - + 1.18 (1 + 2 v) (a)1

Corner Loading

3P
qc h 2

where

tensile stress for interior loading

P - total applied load

v - Poisson's ratio

h - slab thickness

9. = radius of relative stiffness

E a modulus of elasticity

modulus of subgrade reaction

a - radius of circular load

"a a - distance to point of action of resultant along corner angle
bisector

y Euler's constant
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= 0.5722 ...

G = tensile stress for edge loading

a = tensile stress for corner loading

-34

Ioannides, Thompson, and Barenberg4 present a detailed description of

the origins and various forms of these equations including other load shapes
(elliptical, semicircle, and square), simplified forms, and the inclusion of a
special theory adjustment for cases where the radius of the loaded area is
less than 1.724 times the pavement thickness. A number of modifications have
been proposed for the corner load by other investigators, and these modifica-

34
tions are discussed by loannides, Thompson, and Barenberg . They considered
the above forms of the equations for interior and edge loading to be the most

-- correct and complete. Based on comparisons with finite element analysis, they
... • concluded that the ratio of the smallest horizontal slab dimension to the

• radius of relative stiffness must be at least 3.5, 5.0, and 4.0 to meet the

S~infinite or semi-infinite Westergaard assumptions for the interior, edge, and
• corner loading cases.

I)- The concrete pavement slab In these models is characterized with the
.. [• elastic material properties of a modulus of elasticity and a Poisson's ratio,

• and the supporting layers of the base course and subgrade materials are repre-
re•# sented by a spring constant k termed modulus of subgrade reaction with

Sunits of pounds per square inch per inch. Westergaard 82 referred to this
• spring constant k as "an empirical makeshift, which however has been found

Sin the past to give usable rsl."Terzaght 76 discussed extensively the

• ' applications and limitations of the plate load tests used to determine the
? value of k . The idealization of all the supporting layers as a simple lin-
'• ear spring is generally the major objection to the Westergaard model. Major
S~drawbacks to this idealization include the difficulty of determining a

k value during design since this detemination requires an in situ field test
9 and the poor idealization by a single number for the real layered base course
S~and subgrade structure. If one or more of these layers is stabilized, repre-
S~senting the structure with only a spring constant is particularly poor.

SPickett and Ray 62 developed solutions to the Westergaard equations in
terms of Influence charts that simplified the required calculations. Conpu-

terized solutions were also presented later for the interior load problem 57

• and for the edge load problem40. A regression equation to calculate the

Westergaard free edge stress was developed by Witctck, Uzan, and Jlohnson 85 and

•, later modified slightly at the WES. This modified regression equation to

Se [o +I1 ")

*e7



where

a ,a 1 ,a 2 = regression constants dependent on individual aircraft gear
and tire properties (tabulated values published by

Rollings

"* P = gear load, lb

The limitations in the Westergaard model's representation of the materi-
als under the concrete slab led to interest in using the layered-elastic ana-
lytical model to calculate stresses. The widespread use of nondestructive
pavement testing equipment that analyze pavement properties by comparing field
measured deflection basins with those calculated by the layered elastic theory
has also contributed greatly to the interest in layered elastic solutions for
pavement evaluation and design. The CE and the FAA recently developed an air-

field rigid pavement layered-elastic design procedure59 that is accepted by
the CE as an alternative to the Westergaard based-design procedures.

The layered elastic model idealizes the pavement structure as a sequence

of continuous, horizontally uniform, homogeneous, isotropic layers each char-
acterized by a modulus of elasticity and a Poisson's ratio. The interface
between the layers can be full slip, no slip, or some specified intermediate
level slip. The formulation of the problem of a circular l6ad on a layered
elastic system is usually expressed with one or more stress functions for each
layer. For instance the vertical displacement, v Z and stress, o * in a
layer can be expressed as

"0'~i • . )2 1 + v •2

U +(6)

2'S(• 2-v) ¶V4 -__-2 (6~a)

a v)

where

22
V . Laplace nperator 2+ L + -3- +_

r2 r 5r r 2 ý02 ýz2

0 - stress function in r , 0 , and z

The stress function 4 can he transformed with the flankel transformttlon by

fT(¢) -f r 0 Jo(w.r) dr (7)

8



where

T ( H) = Hankel transform of Dn

J (,r) = Bessel function of the first kind and of zero ordero

m = Hankel transform parameter

Neglecting body forces, equilibrium, and compatibility are met if

4

The general solution to this equation in the Hankel transform of the stress
function becomes

Tn(0) - Aemz + Bre-mz + Wemz + zDe-mz

The four constants, A, B, C, and D are evaluated for each layer from the layer
boundary conditions. The stress function is found by inverting the trans-
formed solution by the Hankel inversion theorem:

0 m To (0 ) Jn (m.r) dm

0

Ptsplncement stresses and strains in the layer can then be found from the
stress function.

Complete derivations of generalized forms of the layered elastic model
6? 60

have been presented by Achlffm=n . Peutz and Kempen , Jong. Peutt, and
37 13

Korsvwagon , and Cawelaeert, Lequeux, and Delaunois The Integrals In the
layered elastic model cannot be solved analvtically and must be evaluated
numerically. Some solutions are available for specific numbers of layers and

.10,36
assumptions of material properties ; hovever, computers are the only
practical method of Polving the general layered elastic model. Several
computer programs are available. and they differ primarily in the numerical
methods used to evaluate the integrals.

The limitations of the Westergaard and layered elastic models have led
to fIterest in numerical methods using discretizAtton such as finite element
or finite difference method#. Of these approaches, finite element Analysis
has generated the most Interest, but the Uestergaard models remain the most
videly used for calculating stresses In published design procedures and in

practice for airfield pavements. The PCA58 and the LIS Navy use the

9



Westergaard interior load model, and the CE2 4  the US Air Force, and the

FAA use the Westergaard edge load model.

FATIGUE RELATIONSHIPS

Airfield rigid pavement thickness design is normally based on a fatigue
analysis of the concrete. The fatigue strength of plain concrete is that pro-
portion of the static strength that can withstand a specified number of load
cycles. It is usually considered to be the same in compression, tension, and
flexure. In general, the modulus of elasticity decreases and the strains
increase with increasing load repetitions.

If concrete is subjected to fluctuating levels of stress, the ratio of
I the minimum stress level to the maximum stress level affects the fatigue 4

strength. This is illustrated by the stress-fatigue life curves in Figure 1
for plain concrete beams tested in flexure. The ratio of maximum applied
stress to concrete flexural strength that supports a given number of load
cycles increases dramatically if the ratio of the minimum stress to the maxi-
mum stress applied to the test beam increases from 0.15 to 0.75. There is
considerable scatter in fatigue test results for concrete, thus, it is common

'A. to show the probability of sample failure as presented in Figure I for the
-0 Tefr74 i75

minimum-maximum stress ratio of 0.15. Tepfers and Tepfers and Kutti have
"proposed a concrete fatigue relation to include the effect of the minimum-
maximum stress ratio as

I •max
mx i -1 (1 - A) log N (8)

.. '- where

0 m - maximum applied stress

f a compressive or tensile strength of concrete

6 a coefficient with a proposed value of 0.0685

SA - stress ratio Min/0 ax

N - number of load cycles to produce failure

An In-nervice pavement extats under fluctuat'ng stress conditions. Tem-
perature and moisttre gradients in the pavement slab change with time and
result In varying stress condition! in the slab upon which are added periodic

17
load induced stresses. Domenichini and Marchionna studied the effects of
temperature variation for the concrete pavement in the American Association of
State lIighb;v Officials (AAS110) road test. Their data show that the stress
ratio of *initmt temperature stress to the sum of the temperature and load
stresses for AASHO road test slabs 6.5 to 9.5 in. thick varied from 0.16 to
0.60 depending on the time of day and seasoni of the year. The analysis by

Domenichlni and Marchionna only considered the daytime condition of the sur-
*face of the slab to be warmer than the bottom and neglected other potential

Ot
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Figure 1. Representative concrete fatigue curves
stresses such as those caused by a moisture gradient. Nevertheless, theirwork clearly shows that the stress ratio tsat exists in pavements is not aconstant. The fluctuating stress ratio in pavements implies that there is nota unique concrete fatigue relationship for concrete pavements,

The effect of varying magnitudes of loading is usually handled by
Miner's hypothesis49 which states that failure occurs when the summation of
n /Ni equals 1,

where

ni - the number of cycles applied at a particular stress level
Ni - the number of cycles that would cause failure at the

same stress level
The efiect of varying magnitudes of cyclic loading has not been adequatelyinvestigated, and Miner's hypothesis does not always give conservativeresults. Initial loads near 90 percent of the ultimate static strength reduce



fatigue life, whereas initiol loads below 50 to 55 percent increase fatigue
84

lire . Consequently, Miner's hypothesis would appear to be unsafe for high
38

loads and conservative for low loads

Pavements are subject to varying frequencies of loading and have rest
periods of varying length between loadings. Laboratory tests have shown that
chese factors can have significant effect on the fatigue performance of con-
crete. If the applied cyclic stress is less than 0.75 of the ultimate
strength, frequencies of loading in the range of 70 to 900 cycles per minute
do not have much effect on fatigue performance. However, at higher stress

4
level frequency has significant eifect on fatigue performance of concrete 4

Also, periodic rest periods between loadings appear to improve fatigue life
38

significantlv.

Tbhre are two basic approaches to developing a concrete fatigue rela-
tionship for use in pavement design. The first is to use a conservative
interpretation of laboratory beam tests conducted at a low minimum to maximum

57"stress ratio. The PCA7 fatigue relationship is probably the most widely used
relation of this type. The second approach is to use full-scale accelerated
traffic tests of concrete pavements to develop field fatigue relationships.
The CE has conducted large-scale accelerated traffic tests using aircraft size
loads and gear assemblies, and the AASHO road test provided similar informa-
tion for truck-sized axle loads. Full-scale tests have the advantages of

% testing actual slab and joint systems, testing the concrete under actual
multiaxial stress conditions, and including to some extent, temperature and
moisture stresses. As illustrated in the previous discussion, a number of
factors such as stress ratios, rest periods, relative load magnitude, and load
frequency can affect the fatigue performance of concrete. Field tests include
some of these effects, but they have the disadvantages of high cost and diffi-
culty in defiving applied stress levels.

Figure 2 shows a comparison of several concrete fatigue relationships
used or proposed for use in the design of concrete paverents. The ordinate of
this figure is plotted is the design factor which is the concrete flexural
strength divided by the applied str.ss. This factor is used by the CE for
pavement fatigue ahalysis and will be used for the remainder of this report

rather than its inverse which Iq commonly used by the PCA 57 and the American
•. ConcretndIthetAmerican)

SConcrete Institute (AC) . The PCA relation is a very conservative interpre-
4

tatlsu when compared with the ACT curves for 5 and 50 percent probability of
f.ailure at a minimum to maximum stress ratio of 0.15. The other curves in
Figure 2 are based on field tests and are different from these laboratory
developed curves.

The problem of defining the applied stress level in field tests is
illustrated in •'igure 2 by the two CE relationships. Both CE fatigue rela-
zionships are based on the same field tests, but .%ne relation uses the
layered-elastic analytical model t- calculate the stresses under the test
load, and the other tiues the Westergaard edge load model. Each model
calculateis a differont numerical value for the stress with the layered-elastic
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Figure 2. Fatigue curves for pavement design

calculated stress always being lower. Consequently, the resulting fatigue
relation for each analytical model is different. The same effect is shown for

the AASHO road test results in Figure 2 where Treybig et al. used the

layered elastic model and Vesic and Saxena81 used the Westergaard edge load
analytical model. The actual stresses in the slabs in the field are actually
variable depending on the placement of the load, rate of loading, load trans-
fer of joints, temperature conditions, and moisture gradient. Therefore, the
stresses calculated from the analytical models are nominal stresses reflecting
the relative effect of imposed traffic loads rather than actual stresses.

The fatigue relationships based on field tests must define some condi-
tion of failure for the test sections. The CE tests defined failure as
occurring when one-half or more of the trafficked slabs have one or more

81
structural cracks. Vesic and Saxena defined failure as a pavement ser-
viceability index (PSI) of 2.5. As a comparison, the CE failure criteria
would rev-esent a PSI of 3.0 to 3.3. The relationship developed by Treybig

et al.77 defined failure as the development of class 3 cracking in an AASHO
road test a(:. #on. A class 3 crack is a "crack opened or spalled at the
surface to a width of 1/4 in. or more over a distance equal to at least one-

half of the crack length"6 8 .
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Fatigue relationships based on field tests will vary depending on the
analytical model used to calculate stresses and on the defined failure level,
but the shape of relationships based on the AASHO road tests is very dlifferent
from other fatigue relationships. The ACI and both CE curves in Figure 2 are
straight lines on a semilogarithmic plot whereas the AASHO relationships are
sharply curved. This difference is probably due to extensive pumping that
developed at the AASHO road test. Consequently, AASHO road test relationships
actually include the damage from both concrete fatigue and the pumping. Pump-
ing is a severe problem in highway pavements but less so in airfields.

DESIGN METHODS

The most common airport pavement design procedures are the PCA and CE
design methods or some modification of these methods. The basic steps in the
design are to convert the actual pattern of aircraft traffic to cycles of
stress or coverages, calculate the load-induced stresses using an analytical
model, and then determine the number of coverages of this load that could be
sustained by the pavement using one of the fatigue relationships.

The PCA uses a Westergaard interior load analytical model for its stress
calculations neglecting the effects of higher stresses at the joints. The
"higher stresses at the joints and the other additional environmental stresses
are accounted for indirectly by use of a factor of safety of 1.5 to 2.0 with
concrete flexural strength and the conservative interpretation of laboratory
fatigue test results previously shown in Figure 2.

The CE design method using the Westergaard edge load model with 25 per-
cent load transfer is widely used and has been adopted by the US Army, the
US Air Force, and the FAA. This design method does not use any factor of
safety directly. The assumptions on loads are conservative, and the use of

* field test that developed fatigue relations includes some thermal and moisture
related stress in the performance criteria. CE construction specifications
require that 80 percent of the quality control flexural tests fall above the
specified design flexural strength. The practical effect of this requirement
is that the contractor usually produces a concrete that is well above the
design flexural strength. The CE now uses the Westergaard or layered-elastic
fatigue relationships shown in Figure 2. However, earlier CE and the current
FAA design methods used fatigue relationship defined in terms of percent
standard thickness. The concepts are similar and have little effect on the
results. The background of the percent standard thickness fatigue relation-

63 59
ships is described by Rollings and Parker et al.

Soon after the first version of the CE design method was produced in
World War II, a long-term pavement performance monitoring program began that
produced modifications to the design procedure to reflect field performance of
pavements. One of the early observations was that the ends of concrete run-
ways were failing before the runway interior. This observation in conjunction
with the study of traffic at military airfields led to the definition of four
types of pavement at military airfields. Type A areas are runway ends and
primary taxiways that are subject to highly channelized, slow moving aircraft
and are designed for 70-in. wander widths and full aircraft loads. Type B
areas are parking and similar areas where traffic is more widely distributed.
These areas are designed for full aircraft load and 140-in. wander widths.

14



Type C areas are runway interiors and are designed for 75 percent of the air-
craft load and 140-in. wander widths. Type D areas are seldom trafficked
areas like the outside edges of the runway and are designed for reduced
weight, a limited number of aircraft passes, and 140-in. wander widths.

Traffic at commercial airports is more complex in mixture and pattern
than military airfields; therefore, the FAA adopts a different approach. Full
design thickness is used for areas subject to departing aircraft. Areas such
as high speed turnoffs that are used primarily by arriving aircraft may be
reduced 10 percent from the full design thickness. Seldom trafficked areas
analogous to the military Type D areas can be reduced 30 percent in thickness.

The CE pavement performance monitoring program and test sections found
that the Westergaard model did not adequately reflect the effect of subgrade
strength on observed pavement performance. The modulus of subgrade reaction
k appears in Westergaard stress calculations as a fourth root in the denomi-
nator of the radius of relative stiffness k for the edge and interior load
stress calculations. Taking the natural logarithm of the radius of relative
stiffness in several of the equations further reduces the effect of k . Con-
sequently, the subgrade support as measured by the k value has a relatively
small effect on the calculated stresses. Pavements on high- and low- strength
subgrades were observed to crack approximately as predicted by the CE crite-
ria, but at this point their performance diverged. Pavements on low-strength
subgrades rapidly deteriorated with additional cracking, faulting, and spall-
ing, but the pavements on high strength subgrades deteriorated at a much
slower rate. Consequently, the CE reduces the required pavement thickness on
high-strength subgrades as shown in Table I to take advantage of this improved
postcracking behavior. The FAA does not use this reduction for high-strength
subgrade in its design.

Table 1

Reduction in Pavement Thickness for

High-Strength Foundations

Subgrade
Modulus, k Reduction in

lb/in. 2/in. Thickness, %

200 0.0

300 4.6

400 10.6

500 19.2

The existing design methods are essentially fatigue analyses that are
modified by agency and organization experience. A number of idealizations are
used to reduce the real field problems of aircraft operating on pavements so

15
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that these analyses can be performed. Much of each method is based on past
experience; therefore, modifications, changes, and substitutions in the design
procedures cannot be performed blindly. To obtain reliable results with any
of these design methods, the complete method must be used as the agency
specifies.

CURRENT RIGID OVERLAY DESIGN METHODS

CE DESIGN METHOD

The most widely used overlay design methods are the empirical relations
developed by the CE. The required overlay thickness is determined by the
overlay equation:

hn = h - Chn (9)
o e b

where

h = thickness of overlay

h - required thickness for a new pavement to support the design
e traffic planned for the overlay

C - condition factor for existing base pavement values summarized in
Table 2

Ihb w original thickness of existing pavement to be overlaid

.n - a power deperdent on the bond condition between base pavement and
overlay

- 1.0 fully bonded overlay

- 1.4 partially bonded overlay

- 2.0 unbonded overlay

An overlav is considered to le unbonded if there tq a separation layer
of n.phjntt concrete or other material between the overlay and base slab so
rhnt no bond can develop. If the overlay is cast directly on the base slab.
it i1, con.sidered a partially bonded overlay. If the. surface is well prepared
by cold milling or s imilar technriques and i bonding grout is used between the
overlay and rhe base .lab. the overlay is cons~dored to be fully bonded.

If the fl exural o.trengrth o the overlay and the base pavement are sub-
stantlallv differentt this difference may be included by replacing Ib with

hobL X I (10)
P. eb
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where

h h = required thickness for a new pavement to support rhe overlay
eo design traffic determined with the overlay concrete flexural

strength

heb = required thickness for a new pavement to support the overlay
design traffic determined with the existing base pavement c-n-

crete flexural strength

hb = original thickness of pavement to be overlaid

This adjustment is used by the CE but not by the FAA.

Table 2

Condition Factor Values

C Factor Base Pavement Condition

1.0 Existing pavement is in good structural
condition with little or no structural
cracking.

0.75 Existing pavement has some initial
structural cracking but little pro-
gressive distress such as spalling and
multiple cracks.

0.35 Fxisting pavement is badly cracked and
may show multiple cracking, shattered
slabs, spalling, and faulting.

The origin of the concept relating an overlay slab and a base slab to an
e equivalent slab by a summation of the thicknesses raised to a power is

Unclear. Older56 used a square relation (n-2 and C-1) to eviluate a mono-
Slthic structure of bricks bonded to a concrete base slab for the Bates road
test, and this reference to equation 9 is the earliest that has been found.

Arms. Aaron, and Palmer5 suggested that this relation with n equal to 2 came
into general use for overlay design with the recognition that it was not tech-
nically accurate. The ACT Committee 325 on concrete pavements states that
"for many years" concrete overlays have been designed on the "assumption" that
the strength of a base and overlay slab is equal to that of a single slab with
a thickness that is equal to the square root of the sum of the squares of the

3
hase and overlay slab thicknesses

During the MO's and 19 5 0 'q the CE conducted a series of accelerated
traffic tests of overlay test items. Manv of these tests were never

17
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adequately documented, but summaries of the results were published by

Hutchinson and Wathen and Mellinger 47. The Engineering Manual EM 1110-45-

30323 from this period stated that:

The results of the traffic testing at Lockbourne No. I
and No. 2 and Sharonville No. 2 indicated that the
above relationship (n=2 and C=1 in equation 1) was
approximately correct when a leveling course, cushion
course, or bond-breaking course was placed between the
two slabs, and that the relationship was too conserva-
tive when the overlay was placed directly on the base
slab without purposely destroying the bond between the
slabs.

As shown in Figure 3,a the CE accelerated traffic testing suggested that the
power in the overlay design equation should be 1.4 instead of 2.0 when partial
bond was allowed between the overlay and the base slab. Fully bonded overlays
(n = I and C = 1) should behave monolithically with the base pavement. How-
ever, problems of constructing adequate joints in the overlay capable of load
transfer have not been solved, and fully bonded overlays are now considered
most appropriate in airfield work for solving surface problems such as scaling

31
or smoothness rather than for pavement structural upgrade

* The CE overlay design equations are widely used, but their derivation
and basis are poorly documented and incomplete.

OTHER DESIGN METHODS

Problems with the CE developed empirical overlay design equations have

led to examinations of other approaches to overlay design. Martin46 used the
results of the AASHO road test to establish allowable maximum deflections and
propose a design procedure based on measured deflections. The use of allow-
able deflections has generally been applied to flexible overlays over a rigid
pavement rather than to rigid overlays.

The weakness of the Westergaard models for evaluating layered overlay
systems led other investigations to examine approaches using stronger analyti-
cal models. The layered elastic model does a better job of modeling the mul-
tiple layers of the overlay geometry than any of the Westergaard models.
Several investigators used the layered elastic model or a hybrid finite ele-
ment model to calculate tensile stresses which were related to performance

through one of the fatigue relationships discussed earlier. Smith et al.72

and Hutchinson31 provided summaries of current overlay design practice and
described the characteristics of some of the proposed design procedures using

aThis figure was provided by M. Ronald Hutchinson (CE, retired, previously at
the Ohio River Division Laboratories and Chief of the PSD at the WES) from his
personal files. To this author's knowledge it was not published previously in
the CE overlay reports.
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Figure 3. Corps of Engineers overlay test data results

stronger analytical models. Tayabji and Okamoto73 developed a design proce-
dure for bonded and unbonded overlays using a finite element plate element
model to represent the concrete slabs and a spring foundation to represent the
underlying layers. No attempt was made to evaluate partially bonded overlays.

72
Several approaches to overlay design summarized by Smith et al. and

Hutchinson31 have been studied to try to improve the CE equation. Most of
these have been oriented toward highways rather than airfields. Major prob-
lems encountered in these investigations have included problems in evaluating
the condition of the base pavement, establishing design performance criteria,
and adequately modeling slab joints and interface conditions.

BASIC OVERLAY RELATIONSHIPS

Simple beam theory can be used to derive equations for unbonded overlays
and an equivalent slab that are in a form similar to the CE overlay design
equation given earlier. An overlay slab and a base slab can be considered to

19



be structurally equal to an equivalent slab such as shown in Figure 4. If a
thin slice of unit width b from this equivalent slab is subjected to a
moment M the curvature of the beam is

e

M e
Pe E e IIe

where

Pe = radius of curvature

M = momente

E = modulus of elasticity

I = moment of inertia
e

If the overlay and base slab are subject to an equivalent moment such
that M = M1 + M2 , compatibility requires the radius of curvature of the

base and the overlay slabs to be equal so that

1 M 1 I 2 (12)

11E1  2 2

There are three potential ways of defining an equivalent slab: (a) the
equivalent slab must have the same rigidity as the overlay and base slab,
i.e., EeIe = EI + E 22 (b) the tensile stress in the equivalent slab Ce

must be equal to the tensile stress in the base slab a2 , i.e., ae = (2

(c) the tensile stress in the equivalent slab must be equal to the tensile
stress in the overlay a1 i.e., ae = 01

Substituting the formula for the moment of inertia of a rectangular
3

cross section (bh /12) into the requirement that the equivalent slab's moment
of inertia must equal the sum of the moment of inertia of the base and the
"overlay results in the relatlon:

S3 3 3
Eh Eh + (13)e e 1  E2h

Now if an equivalent slab and the base slab thickness are known and all modu-
lus values are equal, then the required overlay thickness to meet this defini-
tion would be

h3 h3 h3 (4
=... h3-h (14)

2 e
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"This relation is analogous to the current unbonded overlay equation except the
power relation Is a cube rather than a square. Although this approach pro-
vides a system of equal rigidity, it does not provide any information on
stresses.

In a simple, linearly elastic beam the extreme fiber stress may be
determined as

Mc (15)
I

where

a = extreme fiber stress

M - applied moment

c = centroidal distance - h/2

I - moment of inertia

The stress in the equivalent slab and the base slab can be represented
as

-n h e
T_ 6.e

o e I h 2

e

"" 2 h,2-212
So2 - z2(16)

Noting from equttion 12 that the radius of relative stiffness of the overlay
and the base slab must be equal, and the equivalent moment equaling to the sum
of M! and H 2 leads to

,2 =1 212

1 1 2 E2  2
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I E E h3\
M= -I- M + M = M2 + (17)
e 12 E22 22 E h

Expressing M2  in terms of M followed by substituting into theS

expression for stress in the base slab leads to

h-)2
M E I 6M E h

a3 2 2 * h- (18)
2 Ehl 3 El 12 E2h 3+ Elh3

E2h2

Requiring that ae and a2 must be equal in the second definition of an

equivalent slab and setting the expressions for each equal to one another will
simplify to

Ehh2 Eh3 + Eh (39
2h2he E2h 2 1+

If the equivalent slab and the base slab are known, the required overlay
thickness to keep the stresses In the base slab and equivalent slab equal
becomes

3 E2. 2
h jI a (h 2 h - h2) (20)

A similar analysis with the requilrement that the equivalent s~ab stress and
overlay slab stress a are equal results in the third case in the relation

3 2£9233h.eh h0  - h2  (21)

Since hI appears oi both sides of equation 21, it can be found most easily
by an iterative solution procens.

Figure 5 shows each of the equations for the three definitions of equiv-
alent slab (equal rigidity, overlay slab stress equals equivalent slab stress,
and base slab stress equals equivalent slab stress) plotted together if the
oaerlay and base slab modull of elasticity are equal. Also showu Is the CE

23



!1.

0-EQUAL RIGIDITY

0.9 (EQ 13)

0.8 CORPS OF ENGINEERS

UNBONOED EQUA TiOt,,

* "(EQ 9)

0.7 -

0.6 -/

I

/ O\1VERLAY STRESS
/ (EQ 4)

0.4 / I

I I0
I /

.•[/ ((o02o1

01

S0 t 0.2 0`3 04 0,5 06 304 V ) 0,6 110

F igure 5. Overlay equation for different definitions
of equivalent slab

unbonded overlay equation. Each axis has been normalized by h . and they
are expressed in terms of h /A and h /h . The CE equation, the overlay

e 2e
stress equation, and the base slab all intersect when

hi /i7 0.707 (22)

h Vh
0 e

F.ach value of h 2Ihe hag tvo solutions in the base %tress equation. As

the thic~kness of the base slab term h 2lA increaiges toward . /-7 . rela-

tively thick overlAys are required to maintain the stress In the base equal to
the stressI in the equivalent slab without increasing the stress in the overlay
above the value for the equivalent slab. If the lower valte of h lAe is

,e



selected for any given h 2/h value, the overlay stress equation shows that2e

the stress in the overlay exceeds that of the equivalent slab. When the

h 2/he value exceeds VIM , the overlay stress equation controls. The CE

equation keeps stresses in the overlay or the base higher than the equivalent
slab in all cases except the point h /he = h 2/he = 1//2 . The equal rigidity

equation keeps the stresses in both the overlay and the base slab below that
cf the equivalent slab for all values.

Simple beam theory cpn derive forms of overlay design equations similar
to the CE overlay design equation depending on how the equivalent slab is
defined. The definitions of equivalent slab on the basis of stress show there
are different regions where stress in the overlay and stress in the base slab
control. Which stress controls depends on the ratio of base slab thickness to
equivalent slab thickness.
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BASIS FOR IMPROVED OVERLAY DESIGN PROCEDURE

An improved rigid pavement overlay design procedure will require devel-
oping a method of measuring performance of the concrete pavement to replace
the current defined failure level approach. An analytical model will be
needed to calculate stresses, strains, deflections, or some combination of
design parameters to replace the current empirical overlay relationships.
This analytical model will have to be able to represent two layers of concrete
with various possible interface conditions as well as model the underlying
base and subgrade materials. The existing base pavement to be overlaid may
have suffered some deterioration from past traffic, and a method of measuring
or accounting for this damage is needed. A complete methodology for an
improved overlay design procedure must address each of these concepts.

PERFORMANCE CRITERIA

Current prescriptive definitions of pavement failure in specific terms
such as percentage of cracked slabs are not adequate to monitor or predict
pavement performance. A pavement is either failed or not failed by such defi-
nitions. There is no way to express how well or how poorly a pavement is per-
forming or how fast it is deteriorating. Once the defined state of failure is
reached, the pavement is still functional, but there is no way to express this
postfailure performance. Defining pavement performance by a specified failure
condition will not meet the objective of this study.

The AASHO road test ititroduced the concept of Present Serviceability
Index (PSI) to express the condition of a pavement numerically. A PSI of 5.0
represents a perfect pavement, and a 0.0 rating would be an unusable pave-

ment. This concept was originally developed by Carey and Irick12 and is a
measurable function of roughness, cracking, and patching. Longitudinal
roughness is the primary controlling factor that affects the PSI value. The
PSI is an improvement over the previous defined failure levels, but it is
oriented toward highway usage. However, it is not directly applicable to
airports.

The US Army Construction Engineering Research Laboratory developed a
1% 69

system of rating airport pavement for the US Air Force . This system is
* known as the pavement condition index (PCI) and has been adopted by the

US Air Force, the US Navy, and the FAA6 9 ' 7 9 2 6  Further work has extended
this system as a rating and management tool for roads and streets for munici-
palities, Army posts, and similar organizations.

The PCI varies from 0 to 100. Qualitative pavement ratings and corre-
sponding PCI ranges are shown in Table 3. The PCI is a simple, reproducible
method of obtaining a numerical rating of a pavement that would equal the sub-
jective rating of a panel of experienced pavement engineers.

The PCI recognizes the 31 types of distress listed in Table 4. Deduct
values are assigned depending on the type of distrews, its severity, and the
amount or density of the distress in the pavement. The PCI is described by
the equation:
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m n
PCI = 100 - aE E f(Ti, Sib Dij) (23)

i=1 J=1

where

a an adjustment factor depending on the number of distress
types with deduct values in excess of 5 points (this
factor was necessaiy tb match the original engineer
panel's ratings)

m = total number of distress types

n total number of severity levels for each distress type

f(Ti,Sj,Di) = deduct value for distress type Ti at severity level
S S existing at density Dij

Table 3

Descriptive Rating of the PCI

PCI Rating Descriptive Rating

86-100 Excellent

71-85 Very good

56-70 Good

41-55 Fair

26-40 Poor

11-25 Very poor

0-10 Failed

The PCI may conceptually also be considered as follows:

"PC - 100 D D - DE -DM- DC - DO (24)

where

Ds W structural deduct due to distress types, severities, and densities
associated with loads (e.g., distress No. R12 shattered slab)
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DE = environmental deduct due to distresses associated with environmen-
E tal effects (e.g., distress No. F12 raveling, weathering)

DM = materials deduct due to distress associated with materials used in
M construction (e.g., distress No. R8 popouts)

DC = construction deduct due to distress associated with construction
procedures (e.g., distress No. F2 bleeding)

Do = operations deduct due to distress associated with operations and
0 maintenance of the pavement (e.g., distress No. R7 patching/utility

cuts)

In many cases, the distress types identified in Table 4 may be caused by dif-
ferent factors. For example, distress No. R3, longitudinal/transverse/
diagonal cracking, may be caused by structural loads, or it may be caused by
environmentally induced thermal stresses. Distress No. RIO, scaling, may be
due to poor construction procedures or to certain siliceous aggregates under-
going an alkali-aggregate reaction.

Many of the distress types used in the PCI are caused by factors that
are not reflected in analytical models (e.g., durability cracking distress
type No. R4 in concrete). This kind of damage in pavements has usually been
controlled by construction and material specifications that control how pave-
ments are constructed and what materials are allowed to be used in the pave-
ment. The PCI system as it currently exists includes distress types that
cannot be evaluated with current analytical models; therefore, some modifica-
tions to the PCI is needed.

A structural condition index (SCI) from the PCI can be defined as:

m n

SCI 1 100 - a E E f(Ti, Si, Dii) (25)

i=1 J=1

with variables as defined previously, but T is now limited to only those

distress types associated with structural deterioration caused by loads. It
also follows that

PCI - SCI - all other deducts (26)

Thickness design of concrete pavement for fatigue is based on the load-
induced tensile stresses in the slab. Available analytical models are capable
of calculating the magnitudes of these stresses by using various idealizations
of the pavement structure. There are some other load-caused distresses in
pavements which are not directly related to the tensile stress in the slab.
The most important of these is pumping which is a function of soil type,
availability of moisture, and load magnitude and frequency. Pumping forms
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Table 4

PCI Distress Types

Number of

Recognized

Pavement Distress Severity
Type Number Name Levels

Rigid 1 Blowup 3
Rigid 2 Corner break 3
Rigid 3 Longltudinal/transverse/diagonal cracking 3
Rigid 4 Durability cracking 3
Rigid 5 Joint seal damage 3

Rigid 6 Small patch 3
Rigid 7 Patching/utility cut defect 3
Rigid 8 Popouts I
Rigid 9 Pumping 1
Rigid 10 Scaling 3

Rigid 11 Settlement 3
Rigid 12 Shattered slab 3
Rigid 13 Shrinkage cracks 1
Rigid 14 Spalling along Joints 3
Rigid 15 Spalling corner 3

Flexible 1 Alligator cracking 3
Flexible 2 Bleeding I
Flexible 3 Block cracking 3
Flexible 4 Corrugation 3
Flexible 5 Depression 3

Flexible 6 Jet blast erosion 1
Flexible 7 Joint reflective cracking 3
Flexible 8 Longitudinal and transverse cracking 3
Flexible 9 Oil spillage 1
Flexible 10 Patching and utility cut 3

Flexible 11 PoliRhed aggregate I
Flexible 12 Raveling, weathering I
Flexible 13 Rutting 3
Flexible 14 Shoving of flexible pavement by PCCO slabs 3
Flexible 15 Slippage cracking I
Flexible 16 Swell 3

a pcc -portland cement concrete.
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voids under the pavement resulting in loss of support and accelerated deterio-
ration. These other load-related problems such as pumping are not directly
considered in pavement thickness design. Instead, protection such as requir-
ing pumping resistant base courses or stabilization, is specified. Pumping is
usually a highway rather than an airfield problem and is a special topic. The
SCI for this study is limited to considering only those distress types associ-
ated with load-induced tensile stresses that result in fatigue damage to
pavements.

Table 5 shows the PCI distress types that have been selected to be used
with rigid pavements to determine the SCI value. Distress No. 13, shrinkage
cracking, is included in the SCI because this distress type would include a
tight, load-related crack that does not extend across the entire width or
length of the slab as well as the conventional shrinkage cracking because of
improper curing procedures. With further traffic this crack, if caused by
loads, will propagate across the slab into a Type 3 longltudinal/transverse/
diagonal crack of low severity with a higher deduct value. For the SCI value,
this distress will be counted only when it is caused by load and not if it is
a result of improper concrete curing practice.

Table 5

PCI Rigid Pavement Distress Tpes Used with the SCI

Associated
Severity

Number Name Levels

2 Corner break 3

3 Longitudinal/transverse/diagonal cracking 3

12 Shattered slab 3

13 Shrinkage cracks a (cracking partial width of the slab) 1

14 Spalling along joints 3

15 Spalling corner 3

Used only to describe a load induced crack that extends only part way across

a slab. In the SCI it does not include conventional shrinkage cracks due to
* curing problems.

The SCI allows a much more precise and reproducible rating of a pave-

ment's condition than previous methods. Table 6 shows six examples of the
range of SCI values that could be obtained by pavements all meeting the tradi-
tional CE initial crack failure criterion. The results in Table 6 illustrate
the greater precision possible using the SCI to describe pavement performance
compared with the prescribed failure definitions such as the CE initial crack
criterion.
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Table 6

Example SCI Values Meeting the Corps of Engineers'

Initial Failure Definition

Example
No. Density, % Severitya Type SCI

*1 50 L No. 3 L/T/D crackingb 802 50 M No. 3 L/i/D cracking 55

3 25 L No. 3 L/T/D cracking 61
25 M No. 3 L!T/D cracking

4 15 L No. 3 L/T/D cracking 45
20 M No. 3 L/T/D cracking
15 H No. 3 L/T/D cracking

5 25 L No. 3 L/T/D cracking 70
25 L No, 12 shattered slab

6 15 L No. 3 L/T/D cracking 55
15 M No. 3 L/T/D cracking
10 L No. 12 shattered slab
10 M No. 12 shattered slab

aL -low; M -medium; H high.
bPCI rigid pavement Type No. 3 with L/T/D (longitudinal/transverse/diagonal)

cracking.

ANALYTICAL MODEL

WESTERGAARD MODELS

As discussed previously, the Westergaard free edge load or the Wester-
gaard interior load models form the basis of most current airport design
methods. The major limitation of either of these models is the characteriza-
tion of all material below the slab as a spring with a nonvariable spring con-
stant. The inability for this kind of model to consider the layered structure
of an overlay slab re3ting on a base slab led to the original development of
the current empirical overlay design equations. To avoid the empirical
approach, either the base slab must be included with the underlying materials
as part of the spri',ig system supporting the overlay slab or the base slab and
the overlay slab must be added together to form an equivalent slab. Neither
approach was considered satisfactory for this study.

FINITE ELE?,ENT MODELS

Finite element analysis is a powerful numerical method that is capable
of solving engineering problems with complex material properties and geometry.
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In this method the continuum to be analyzed is represented as a collection of
finite elements connected only at their nodes; a displacement function is
assumed over the region of the element; an element stiffness matrix is deter-
mined reflecting the assumed displacement function, geometry of the element,
and material properties; a global stiffness matrix is assembled for the con-
tinuum from the individual element stiffness matrices; unknown nodal
displacements are determined from the global stiffness matrix and load vector;
and finally element stresses and strains are calculated from the nodal dis-
placement. Obviously this technique must be computerized.

A variety of finite element computer programs is available and offers a
broad selection of element types, displacement functions, material models, and
special functions such as friction or slip surfaces. As the programs become
more sophisticated and generalized, their cost for input preparation, computer
support, and output analysis and their demand for accurate material character-
ization increase dramatically. Also, finite element solutions for a problem
can seldom be performed in a single step but must include sensitivity studies
to determine factors such as an adequate finite element mesh or appropriate
number of loading steps for some material models.

The most generalized finite element solutions available are the three-
dimensional codes that allow complex modeling of material variation and struc-
tural geometry in all planes, but their application is prohibitively expensive
for routine pavement design and analysis. Some work has been done with pris-
matic solid elements for analysis of pavements, but these have also been too
expensive for general pavement work. The plane strain, plane stress, and axi-
symmetric finite element programs use idealizations that seldom, if ever, are
applicable to rigid pavement problems. A group of hybrid finite element codes
has been developed that are simpler and more economical than the three-
dimensional and solid prismatic solutions. These codes appear to have more
immediate potential for pavement design and analysis than those mentioned
previously.

These hybrid codes typically use a four-node thin plate finite element
to represent the rigid concrete pavement surface and either a spring or
layered elastic representation of the remaining pavement struc-

ture30,15,29,35,45. Overlays and stabilized layers are analyzed by trans-
forming the surface slab and the base slab or stabilized layer into an

- equivalent thickness of plain concrete assuming either no bond or complete
bond between the layers. Individual slabs are analyzed as an assemblage of
the four-node thin plate finite elements, and load transfer between slabs can
be included in the analysis by such methods as assigning joint deflection
efficiencies, treating dowel bars as beam elements, or using springs to model
load transfer across the joint.

LAYERED ELASTIC MODEL

Layered-elastic analytical models idealize the pavement system as a
sequence of homogeneous, elastic, horizontally uniform layers subject to cir-
cular uniform loads. The formulation of the solution to stresses, strains,

10and deflections to this problem was originally set forth by Burmister 0 The
solution requiring the integration of Bessel functions which, except for
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two- or three-layer systems, is done numerically. A variety of computer pro-
grams has been developed to solve the layered elastic problem, and they differ
primarily in the methods and accuracy of these numerical procedures. Crawford

and Katona16 and Parker et al.59 provide some comparisons and evaluations of
several of these commonly available programs.

The bond between layers may be treated as unbonded (frictionless), fully
bonded (full friction), or intermediate between the two. The fully bonded
case requires that the horizontal displacements on either side of the boundary
between layers be equal. For the unbonded case, the interface is considered a
principal plane, and shear stresses at the interface are set equal to zero.
These two cases are the most common idealizations for pavement analysis.
Usually, the interface between a rigid pavement and the underlying layer is
considered unbonded or frictionless, and almost all other pavement interfaces
are considered fully bonded.

The generally recognized existence of partially bonded rigid overlays
makes it desirable to treat cases intermediate between fully bonded and

unbonded. One approach, originally proposed by Westergaard 82, assumes that
the shear stress of a layer above an interface is a function of the difference
between the horizontal displacement of the layer above the interface and the
horizontal displacement of the layer below the interface. This approximation
does not meet the elasticity compatibility equations and has led to another
intermediate friction solution based on making the horizontal displacement of
the layer above an interface a function of the horizontal displacement of the

13
layer below the interface

The BISAR layered elastic program uses the Westergaard approximation for
intermediate bond conditions at interfaces. Cauwelaert, Lequeux, and

Delaunois13 have developed an initial version of a layered elastic program
FLIP which solves the intermediate bond condition as noted. Initial checks of
this program indicate that it matches the fully bonded and unbonded deflec-
tions of BISAR, and it is currently undergoing further study and testing at
the WES. A wide variety of other programs such as CHEVRON, CHEVIT, ELSYM5,
CIRCLY, and CRANLAY is available to solve either the fully bonded or unbonded

interface cases. Parker et al.59 recommended the BISAR layered elastic pro-
gram for use with rigid pavements because of problems encountered with erratic
deflection basins with some other programs when the ratio of the concrete mod-
ulus to the subgrade modulus was very large. There was little difference in
calculated concrete pavement tensile stress between the programs. The FLIP
program may eventually offer an alternate intermediate bond interface model.

.. MODEL SELECTION

Most of the analytical models discussed above use linear elastic mate-
rial properties. Much more powerful material models are available for use
with some finite element techniques, but they have not found much application
in pavement work. To date, the input data required for these models and the
increased effort involved in this type of modeling have not produced results
that can be analyzed effectively. More research is required in this area
before these types of models will become usable. The Westergaard models and
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the hybrid finite element models that use the spring subgrade describe all
material below the pavement surface with a single value spring constant. Rep-
resenting each of these lower layers separately with linear elastic material
properties as with the layered elastic model or some of the finite element
models offers the advantage of modeling the effects of different layers of
material with varying stiffness within the pavement structure.

The Westergaard edge-loaded model, the hybrid finite element codes, and
the three-dimensional finite element codes offer the best geometric models of
actual pavement slabs and can directly include the effect of slab joints in
the analysis. The inability of the layered elastic model to include the
effect of joints in the pavement is a major limitation of its usefulness in
analysis of concrete pavements. However, the layered elastic model offers an
excellent representation of th_ layered overlay structure with variable
interface conditions between layers. The joint limitation can be overcome by
the use of empirical correlations and adjustment factors.

The layered elastic model and some of the more complex finite element
models include methods of accounting for different levels of bond or friction
between layers. The hybrid finite element programs handle no bond and com-
plete bond by transforming the surface and base slab into an equivalent slab
but are unable to examine intermediate levels of bonding. A similar approach
of transforming the slab to an equivalent slab could be used with the Wester-
gaard models. The existence of the partially bonded overlay concept suggests
that the effect of various levels of friction and bonding between the overlay

__ and base slab is important in developing an effective overlay analysis
technique.

Input time, computer support, and overall cost of analysis of the dif-
.• ferent models vary. The Westergaard and layered elastic models are readily

solved on current levels of microcomputers. Rapidly increasing capacity of
these machines suggests that some of the simpler finite element programs will
soon be available on microcomputer. At the pre3ent time, finite element anal-
ysis at sufficient detail to be used for pavements requires the support of a
mainframe computer. The cost of analysis is lowest for the Westergaard solu-
tions followed in increasing order of cost by layered elastic, hybrid finite
element with spring subgrade, axisymmetric finite element, hybrid finite ele-
ment with layered elastic subgrade, prismatic solid, and three-dimensional
finite element programs.

The layered elastic model solved with the BISAR computer program will be
used for this program. Selection of this model is based on (a) reasonable
modeling accuracy which can represent the layered structure and variable
interface condition that exist in an overlay with appropriate material models.
The inability to model joints and effects of nonstandard load transfer is a
major disadvantage of this approach, (b) costs and computer support which has
reasonable input, computer, and analysis costs. It can be supported on cur-
rent generations of microcomputers, and (c) compatible with other systems in
which layered elastic models are currently being used at the WES and in other
agencies for flexible and rigid pavement design and analysis and are widely
used for evaluation of nondestructive pavement tests.
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PREVIOUS TRAFFIC DAMAGE

Figure 6 illustrates some of the interactions between the base slab and
an overlay slab. A base slab subjected to traffic from t to tI will

undergo some deterioration. If nothing is done, continued traffic would allow
the pavement to deteriorate as shown by the dashed line. If, however, the
slab is overlaid at tI , the stresses in the base slab are reduced. As traf-

fic is applied to the overlay slab, the base slab will continue to deteriorate
as shown by the solid line but at a reduced rate from before.

At traffic tI the base slab is capable of providing a certain amount

of support to the new overlay slab. Since the base slab has undergone some
deterioration from t0  to ti , it will not provide the same support as a

brand new slab. For this amount of support the traffic on the overlay will
develop a certain stress level which will result in deterioration of the over-
lay slab. However, at traffic t 2 the base slab has deteriorated further;

its support value has decreased; the stress in the overlay, therefore, has
increased; and the deterioration of the overlay slab is faster thon would be
predicted from the conditions at t1 . Similari>, at t 3 base slab deterio-

ration has continued with the same result of accelerating deterioration in the
overlay. Any predictive performance model for the overlay slab must recognize
and account for the acceleration of the deterioration of the overlay slab as
the base slab deteriorates with continuously decreasing support to the
overlay.

METHODOLOGY

The objective of this research study is to develop a mechanistic method
of designing concrete overlays for rigid pavements that will predict the per-
formance of the overlay. The layered elastic model has been selected as the
analytical basis for this study. The SCI has been defined as the measure of
performance of the pavement. Prediction of performance of an overlay will
require (a) determining pavement properties, (b) base slab analysis, and
(c) overlay slab analysis. A layered elastic analysis requires that each
material be described by a modulus of elasticity and a Poisson's ratio. Modu-
lus values can be determined for in-place materials by standard nondestructive
testing, destructive sampling and testing, or construction data. If nonde-
structive testing techniques are not used, modulus values for soil and aggre-
gates are usually estimated by correlations with standard pavement tests such
as modulus of subgrade reaction or California Bearing Ratio (CBR), but they
can also be determined from laboratory tests such as the resilient modulus
test. The concrete modulus for the proposed overlay can be estimated from
local historical construction data, or it can be determined before construc-
tion as part of the mixture proportioning studies. Layered elastic calcula-
tions are relatively insensitive to Poisson's ratio, and these values are
usually taken as 0.15 to 0.20 for concrete and 0.3 to 0.5 for aggregates and
soils. The Interface conditions between each layer must also be selected.
The interface between concrete and soil or aggregate is commonly modeled as
frictionless, and most other soil or aggregate interfaces are modeled as fully
bonded. The appropriate bond condition between the concrete overlay and base
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pavement needs to be determined. The condition of the base slab to be over-
laid must be determined. The effect of previous traffic before overlay on the
base slab's remaining fatigue life must be evaluated. Its support provided to
the overlay slab must be quantified in terms usable with the layered elastic
model. Similarly, if the existing base slab load transfer is substandard,
this must be expressed in some manner usable with the layered elastic model.
As the base slab deteriorates, its supporting value to the overlay slab must
be determined. This effect will be accounted for by dividing the traffic into
intervals, determining the reduction in support value provided by the base
slab during that interval of traffic, calculating the stress in the overlay
for this changed support condition, and then calculating the loss in the SCI
of the overlay during that traffic interval.

In order to carry out this type of analysis, a model will be needed to
describe the deterioration of a concrete pavement in terms of the SCI as load
repetitions are applied. Substandard load transfer between slabs in the base
pavement must be expressed in terms that are usable with the layered elastic
model. A method of quantifying the change in support provided by the base
slab as it deteriorates is also needed. Once these models are available this
concept of analysis can be checked against available overlay test vection data
and compared with current design methods.
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PFRFORMANCE MODEL FOR RTGTD PAVEMENTS

The most extensive historic controlled trafficking data using full-scale
aircraft loads are the CE accelerated trafficking tests conducted at Lock-
bourne Air Force Base, Sharonville, and the WES. These were the only tests
conducted with full aircraft size loads and include tests with weights up to
the current B-747 and C-5 aircraft. Sixty-seven test sections were built and
tested during this test program that originally started in World War IT.
These tests used full-size concrete slabs for testing and applied traffic with
full-size aircraft gear and gear loads. A st-nmarv of all. these tests is given

59
bv Parker et al.

TEST SECTION DATA

The new rigid pavement performance models developed for this research

study are based on a reevaluation of the accelerated traffic tests conducted
by the CE. The analysis of these test sections used the original test reports
and supplemented this information with photographs, work logs, minutes of
meetings, and any related correspondence that could be located in the files at
WES. Table 7 lists 67 test sections that were part of this test program.

* These data are divided into classes, I, II, and III. The class III data were
not used in the analysis because of a lack of information needed for the anal-
ysis, no deterioration under traffic, failure conditions such as severe pump-
Ing that are not included in the SCI, test slabs that had no load transfer or
peculiar joint construction no longer in use, and the inadequacy of the qual-
Ity or spread of the data to determine performance (e.g., at one point
SC! - 100, many repetitions later SC! - 0 with no information between these
points). Lockbourne No. 1, test sectiors R-2, R-3, S-2, S-3, T-2, and T-3 are
also included as type III data. These sections failed inexplicAlby. With
high design factors they reached shattered conditions in as little as 1.5 cov-
erages. These test sections have been excluded in past analyses of these data
because of their peculiar behavior and have also been excluded from this ana-
Ivsis. The remaining data are divided into classes I and TI. The class I
data are the best ouality data. Class 1I data include tests that may have had
slight pumping that could have influenced test resultsp data that had a poor
spread in values which made the data difficult to interpret, or tests that had
a large amount of unusual distress such as extensive ioiat spalling without
any cracking.

'lost rtst section reports include a crack map taken at either specific
traffic intervals or the traffic coverage level at which a crack formed is
indicatod on the map. Thin map Is usually supplemented with written des4crip-
tions and photographs in the report. Additional ioformation in the form of
photographA, work logs, and briefing papers are also available for some test

'.9 sections.

The PCI procedures as published by the FAA were used to develop the test
,ection SC1, except only the five distress types listed in Table 5 were used.
lFnch of these distress types has a description wnd photographs that describe
Its severity level. Charts provide a deduct value for each distress type
depending on its severity level and density. These deduct values are sutmed

4 . and then adjusted if more than one distress type exists. The damage
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Table 7

Available Rigid Pavement Field Test Data

* Item Designation
Parker Original

Test Series et al.59 a Test Quality Remarks

Lockbourne No. 1 A-i A2.60 1I Poor data spread

A-2 AI.60 II Poor data spread

B-i B2.66L II One slab

B-2 BI.66L II Unusual failure

C-1 C2.66L I

C-2 CI.66S I --

4• D-I D2.66 I --

D-2 DI.66 I --

E-I E2.66M III No deterioration

E-2 EI.66M I

F-i F2.80 III No deterioration

F-2 F1.80 III Unusable data spread

K-3 K2.100 III Unusual failure

"K-2 Ki.100 III Unusual failure

N-2 N1.86 I --

N-3 N2.86 TI Poor data spread

0-2 01.106 I

o-3 02.106 I --

- P-2 P1.812 III Unusable data spread

(Continued)

Parker et al. summary of test information used a shortened designation
for test items in Lockbourne Test Nos. I and 2.

(Sheet I of 4)
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Table 7 (Continued)

Item Designation
SParker Original

Test Series et al.59 Test Quality Remarks

Lockbourne No. 1 P-3 P2.812 III Unusable data spread
(Continued)

Q-2 Q1.102 III Unusable data spread

Q-3 Q2.102 I

R-2 R1.612 III

R-3 R2.612 III R-2 through T-3 had
unusually rapid

S-2 S1.66 III failure. These sec-
tions have been

s-3 $2.66 III deleted in past
studies

T-2 T1.60 III

T-3 T2.60 III

U-2 U1.60 II Poor data spread

U-3 U2.60 III Unusable data spread

A-Rec A-Rec III Insufficient data

Lockbourne No. 2 E-1 a III Bad load transfer
-u condition

E-2 a III Poor data

a III Bad load transfer
condition

E-4 a III bad load transfer
- condition

E-5 a III Bad load transfer
condition

E-6 a II Poor data spread

(Continued)

(Sheet 2 of 4)
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Table 7 (Continued)

Item Designation
Parker Original

Test Series et al.59 Test Quality Remarks

Lockbourne No. 2 E-7 a III No deterioration
(Continued)

M-1 a I

M-2 a II Poor data spread

M-3 a III No deterioration

Lockbourne No. 3 -- III Insufficient data

Sharonville 57 Ill No detailed data ever
Channelized published on Sharon-

58 III ville Channelized
Test Sections

59 III

60 III

S61 III

-- .m62 III --

Sharonville Heavy 71 III No failure
Load

-- 72 III Poor data, unusual
deterioration

S73 II Unusual deterioration

Multiple Wheel 1-C5 I --

Wheel Heavy Gear
Load (MWHGL) 2-C5 III Severe pumping

S3-C5 III Severe pumping

4-C5 II Slight pumping

2-DT I --

S3-DT I

(Continued)

(Sheet 3 of 4
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Table 7 (Concluded)

Item Designation
Parker

Test Series et al. 5 9  Original
________-__ ______ Test Quality Remarks

Keyed Longitudi- -- 1-C5 II Slight pumping
nal Joint Study

-- 2-C5 I --

3-C5 II Possible damage from
instrumentation
traffic

-- 4-C5 III Pumping

-- 4-DT I -

Soil Stabilization -- 3-200 I --

Pavement Study
-- 3-240 III Damaged by static test

• -- 4-200 I --

-- 4-240 II Possible damage by
adjacent traffic

(Sheet 4 of 4)
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'' . .descriptions and deduct curves used to compute the SCI can be found in the FAA
79

publication describing the PCI . Table 8 shows an example SCI calculation
for one test section.

Judging the severity level of a distress from the available records was
often very difficult. It was particularly difficult to separate low- and
medium-severity type 3 longitudinal/transverse/diagonal cracking. This sepa-
ration is based on spalling along the joint, crack width, or formation of a
second crack. During trafficking, observers watched for cracks and generally
noted when the first crack occurred. This crack was undoubtedly a tight, low-
severity crack. However, the working of this crack which leads to widening
and spalling may not have been recorded, and photographs are not available to
show adequate details. The transition between low- and medium-severity cracks
then cannot be clearly identified in the tests. Therefore, all cracks were
assumed to be low-severity cracks unless information was available to indicate
otherwise. Applying this rule, a slab would be assigned a low-severity crack
rating when the initial crack forms. It is raised to a medium severity level
when a second crack forms and divides the slab into three pieces. When addi-
tional cracks divide the slab into four or five pieces, the rating becomes a
low-severity shattered slab. This ratio is raised to medium severity when the
slab is further subdivided into six pieces. As multiple cracks occur, they
usually begin to work and almost invariably spalling is noted in the report
text, marked on the crack map, or as shown in the photographs. Consequently,
it is usually possible to appropriately class a shattered slab's severity
level on the basis of the severity of the cracks in addition to its number of
pieces.

The SCI is a function of the density or amount of distress that occurs
in a test section. Commonly, a test section consisted of four slabs, but some
had only two slabs. On an actual pavement the large number of slabs would be

*• expected to deteriorate gradually, providing a smooth curve. Test section
data will tend to be rougher because of the limited number of slabs that lead
to large, abrupt changes in the density measurement associated with
distresses.

Another problem existed with the Lockbourne No. I tests. These sections
were built during World War II, and joint design was one of the test vari-

ables. A test section was typically 20 by 40 ft and separated from preceding
and following test sections by transition slabs. Each test section was
divided into four 10- by 20-ft slabs by contraction joints. One longitudinal
edge joint was a keyed joint with an adjacent test section. The other longi-

tudinal edge was free. One transverse joint at the end of the test section
was a doweled expansion joint, and the other end had a free expansion joint
with no provisions for load transfer. Since the layered elastic model was

S""used for stress calculations, it cannot accurately account for varying load
transfer levels. Only slabs that represent current construction methods with
reasonable joint load transfer were used to develop the performance models.
In the Lockbourne No. I tests, only the two slabs adjacent to the doweled
construction joint can be used for calculation of the SCI. Some of the Lock-
bourne test items also applied traffic to within 2 ft of the free edge longi-
tudinal joint. For these sections only the single slab adjacent to the
doweled expansion joint and the keyed longitudinal joint could be used in the-nalysis.
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Appendix A presents the detailed summary of the analysis of the CE test
sections. The thickness and material properties for each item are tabulated
for each test series. These data were taken from the original CE test reports
listed in the bibliography and references or from the test summary by Parker

59
et al. . The calculated SCI values for the test items in each test series
are tabulated with the calculated C and CF values, the specific slabs ana-

lyzed for the test item, and the size of the load. The SCI values are shown
for each coverage level for which there was a map of cracking, photographs, or
written description that allowed the SCI to be calculated. The final table in
Appendix A presents the stresses and design factors calculated for each test
item.

TEST SECTION PERFORMANCE

PROPOSED DETERIORATION MODEL

Test section deterioration data show a great deal of scatter as shown in
Figure 7. Fatigue analysis used the logarithm of stress cycles or coverages,
and when this is used for the abscissa of the test section deterioration
plots, the scatter of the data is greatly reduced. Figure 8 shows the test
items from Figure 7 replotted with SCI as a function of the logarithm of
coverages. The relation for each test item is essentially linear with the
logarithm of coverages.

Rigid pavements and the CE test items generally go through a period of
little or no deterioration, and then, as shown in Figure 8, they deteriorate
in a linear form as a function of the logarithm of coverages. This allows for
the definition of the proposed rigid pavement performance model shown in
Figure 9. A rigid pavement suffers no structural fatigue related deterio-
ration until the point identified as C0  in Figure 9 is reached. Dur-

ing this period the SCI is 100. From C0 to CF where the SCI is zero, the

pavement deteriorates linearly as a function of the logarithm of coverages.
C0  represents the onset of structural deterioration, and CF is essentially
complete or absolute failure with an SCI of zero.

Some test sections (e.g., multiple wheel heavy gear load (MWHGL)
Item I-C5 in Figure 8) show a gradual upper curve into the linear deteriora-
tion hehavior rather than the abrupt deterioration in the proposed model.
This is probably true of actual pavements also. As noted earlier, the test
section data have relatively few slabs, so the damage density values used to
calculate the SCI for test items show sudden large increases as slabs begin to
deteriorate. In actual pavements this increase in damage density would be
progressive resulting probably in a smooth curve. The major deterioration
occurs along the line defined by C0 and C. , and the minor deterioration

that may occur along the upper eurve line In Figure 9 does not significantly
affect the usefulness of the proposed model.

The structural fatigue deterioration of a rigid pavement can be uniquely
described by two parameters, C0  and CF * The pavement undergoes no deteri-

oration until C0  is reached and thereafter deteriorates linearly as a

45



80

60 

-

44020 0
200

0
0 100 200 300 400 o00 800 700 800

TRAFFIC COVERAGES

* LEGENO
0 LOCKBOURNE NO. 2 ITEM M-1

a MWHOL ITEM I-C5

a KUS ITEM 2-C$

* LOCKEOURNE NO. I ITEM 0-2
4 LOCKEOURNE NO. I ITEM C-2

Figure 7. Sample SCI coverage relationships

100

so

60

40 .

0~

20 - 0
20 0

S5 o eo0 1.00 SAM Io.
TIArVFIC COVERAGES

LEGEND

0 LOCKSOURNE NO. 2 ITEM M-I
A MWHOL ITEM i-LCS

SkULJS ITEM .CS
* LOCK11OURNE NO, I ITEM 0-2
* LOCKCSOLUNE NO. I ITEM C.2

Figure 8. Sample SCI logarithm coverage relationships

46



100

ACTUAL BEHAVIOR
OF

SOME SEC TIONS

80

MODEL BEHA V/OR

60 -

40I

20o

0
Co C,

LOG TRAF FIC COVERAGES

Figure 9. Proposed performance model

function of the logarithm of coverages until C Fis reached. If these two

parameters can be predicted for a rigid pavement, then the SCI at any given
coverage level can also be predicted.

DETERMINATION OF MODEL PARAMETERS

The C 0and C Fvalues were calculated for each CE test item by fit-

0- F0

ting a least-square regression straight line to the SCI and coverage data of
each item. The C 0value was found by setting SCI equal to 100, and C F

t0

value was found by setting the SCI equal to zero. Table 9 summarizes the
results of this analysis for each test item rated as having Type T or 11
quality data. Not all the SCI-coverage data points were used in the analysis
as indicated in Table 9. Excluded data points fell into three groups. When
the SCI was equal to 100, the data point was on the horizontal portion of the
model in Figure 9 and had not reached Co * Generally, this kind of point was
excluded from the analysis. When a data point had an SCI of zero, it has a
similar problem since It can be past C. and on the horizontal portion of the

model in Figure 9. Also, as noted in Figure 9, some test items have a
slightly curved upper portion from the SCI of 100 horizontal line to the
straight line deterioration. These points have SCI values of 80 to 100 at
coverage levels before C 0  Is reached. This type of point was excluded from

the data points used to determine C 0  and C F # The correlation coefficient
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Table 9

C 0 and CF Values for Test Sections

Correlation
Numbera Coefficient

Test Section Quality CO CF Points r2

Lockbourne No. 1

A-i II 225 10,084 2 --

A-2 II 13 59 2 --

B-I II 59 522 3 0.88
B-2 II 3 96 4(3)a 0.99
C-i 1 48 636 4 0.93
C-2 I 13 92 3 0.99
D-i I 289 3,776 3 0.96
D-2 I 6 104 3 0.95
E-2 I 50 212 3 0.95
N-2 I 105 284 4(3)a 0.99
N-3 II 6 32 2 --
0-2 T 347 1,606 4 0.97
0-3 I 41 155 4(3) a 0.99
Q-3 I 36 209 4 0.92
U-2 II 123 488 3 ( 2)a --

Lockbourne No. 2

E-6 II 1,342 13,083 2 --
M-I I 93 353 9 0.87
M-2 II 1,693 6,774 3(2)8 --

Sharonville Heavy Load

73 II 668 7,054 4 0.83

Multiple Wheel Heavy Gear Load
Test

1-C5 I 150 936 5(4) a 0.93
4-C5 IT 165 258 2
2-DT T 128 476 4(3)a 0.99
3-DT T 177 960 5(4)a 0.95

Keyed Longitudinal Joint Study
(K..S)

1-CS IT 16 683 4 0.91
2-C0 1 292 783 4 ( 3 )a 0.97
3-C0 IT 11 395 4 0.94
4-DT 1 228 1.094 4 0.95

(Continued)

aNomber in parentheses is number of points actually used to determine C and
CF 0
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Table 9 (Concluded)

_Number Correlation"N umbe Coefficient
Test Section Quality C0  CF Points r2

"Soil Stabilization Pavement
Study (SSPS)

3-200 I 937 4,258 5(4)a 0.93
4-200 I 1,179 5,934 3 0.95
4-240 II 22 377 4 0.99
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values in Table 9 indicate that the data used to determine C and C were
reasonably linear as idealized by the model in Figure 9. 0

Figure 10 shows three relationships developed for C as a function of

the design factor (DF). The DF is the concrete flexural strength divided by
the layered elastic calculated stress. The CO values for each test item are

from Table 9. The DF's for each test item were calculated using stresses from
layered elastic theory and are tabulated in Appendix A. The first relation
was developed for the class I test sections identified in Table 7. The second
relation identified as class ITa includes four data points that were listed as
"class II because of poor data spread that made calculation of C uncertain.

* •These points gave results in line with the class I data. The third relation

A •identified as class II includes all class I and class II data.

2.0

, .,

CLASSJDF - M a3lLOG Co

?'I-
d0

S a

o 6 LEGEND

SAS. ,,,, . . eI .... .. ... . -

00eiAu 0o.uo 41 CLAbSATION,

•.•,Figure 10. Relacionahip between !fl? and CO

A\U hut one of the ciass• It data. eMClusive of the four points shw as

Ito, have positive residuals for zany of the rel.ationships. These positive
E• ~re•1dua•ls sugRest that a systef~atic error tony exist.. in this caneo, the poorSdat, spread In most of theso test items has resulti'd in undereti~t~tnr CW •

.. ,•Theo one section that has a negative residual is item 4-CS of the X1•IIGL. test
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that was classified as class II data because slight pumping occurred during
the test.

The four class Ila data points change the slope of the relationship
between DF and C0  significantly. The addition of these four data points

appears reasonable relative to the class I data. The class Ila relationship
slope of 0.39 is also similar in magnitude to the 0.35 developed earlier by

59
Parker et al. for conventional initial failure design with layered elastic
models. Overall, the class Ila relationship appears to be the best relation
available for the quality and quantity of data available, and it is recom-
mended for predicting the C value.

Figure 11 shows three relations developed for CF for the data divi-

sions as before. The residuals for the class II data do not show the pattern
of being all positive that they did for Co * The class II and ha relations

are parallel lines, and the class I line once again has an appreciably larger
slope. There does not appear to be any reason to exclude any of the data
points in Figure 11, and the relation for all of the class II data is the most
appropriate for use.

In this analysis, it has been assumed that C0  and CF are functions

only of the design factor. As previously noted, this assumption may not be
completely true. Postcracking behavior of slabs may also be a function of the
subgrade support. The CE recognized this effect by the high-strength subgrade
thickness reduction used with the traditional CE design method. However,
attempts to use subgrade strength with the DF to obtain better C and CF

relationships were unsuccessful because the test sections were almost univers-
ally built on low-strength subgrades. Therefore, insufficient data exist to
examine the effect of high-strength subgrade influence on postcracking
behavior of the pavements. Also, the use of an elastic modulus value with a
layered-elastic analytical model mey simply reflect the contributions of the
subgrade better than the Westergaard model with the subgrade spring constant.
As discussed, the WesterRoard stress calculation is not very sensitive to the
modulus of subgrade reaction.

M,,nODEL VALUATION

,COMPARISON WI~T4 OTHIER CRITERIA

The relations developed for the two parameters C0  and CF allow the

prediction of a pavemetut' SCI value for any specific traffic coverage if the
4 ." 1)V fn knnn. The DF is calculated from the concrete flexural strength and

layered elastic stresses. These rtlations for C and CF are in effect

facigue relations, Aod they follow the same linear form as other concrete fat-
igue relations. These relatio"s for C0 and CF are based on tests with

relatively small magnitudes of traffic. However, their extrapolation to
larger coverage ltvels i s upported by the linear concrete fatigue relations
found in beam fatigue tests.
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The current CE fatigue relationship for Westergaard edge load l4odel cal-

culated stresses and the fatigue relationship developed by Parker et al. for
layered-elastic wodel calculated stresses use the sAme form as the C0  and

C relations, The DY ýs expressed as a lintar function of the logarithm of

h coverages. The relationships for C0  and CF and Parker et al.59 relation-

ship uue the same analytical wodel to calculate stresses for determining the
59

O F). Parker et Al. used the CE definition of rigid pavement failure to
dercrltte their relatlonship. As noted in Table 6, the CE definition of
fallure could have SCI values; thnt reasonably range from 55 to S0 depending on
the amount and severity of cracking in the test slabs. As shown in Figure 12,

the zelatinshtps for C0  and CF bracket the Parkr et at.59 relationship

within the ranges of tratfic used in the CE test geccions. Since the C and

t Cr relatIonships are for an SCI of 100 and 0 and the Parker et al.59 is 7or

4 some ranka of SCi values betveoa these extreoes, the relative positions of the
three relations are consistent.
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RATE OF DETFRICRATION

The relationships for C0  and CF have the same form as other concrete

fatigue relationships and dppear consistent with other concrete pavement cri-
teria. However, the logarithmic fotm of the C and CF relationships indi-

cates that once deterioration begins the rate of deterioration decreases with
increasing coverages.

The deterioration of a test section can also be examined ucing a normal-
ized coverage factor CN defined as

i ,. C - CO

CN C Co (27)

where C is the coverage level at which a specific SCI is calculated. The
relation between CN factor and SCI in Figure 13 is a measure of the rate of

structural deterioration at a given coverage level. NormaltLzing the traff.c
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coverage data using the calculated C0  and CF values effectively collapses

the data.0

By definition, when C is equal to CO , the normalized factor CN

should be zero, and when C is equal to CF , N should be 1. The relation

In Figure 13 passes through these points. Negative CN values with SCI vel-

ues less than a00 are due to the initial curved deterioration some test sec-

tions showed as was shown in Figure 9.

The decrease in thA rate of deterlo~atlon is not consistent with some of
the results reported from the field performance of pavaments. Shahin, Darter,

, and Kohn70 found that Air Force airfield pavements up to 35 years old showed a
slightly convex relationship between PCT and the pavement's age in years.

*1 This Is an Increase in the rate of deterioration with age and implies that if
the annual traffic rate is approximately constant then the rato of pavement
deterioration increases with coverage level as opposed ta decreasitg with
.overage level implied in Figure 13.

.This discrepa-nzy Is due to several factors. First, the PCI Includtes all
forms of distress an~d not Just the structural deducts used by the SC1. Sote
of the dltreas., particularly those associated with durability or maintenance,
wIill become more pronounced with age regardless of loalIng, The assimption of

•o (onstant equivalent annual traffic Is probaly erroneous. Although the
Air Force has n~pt seeh the same increase to traffic volume that has occurred
In civIl aviation, aircraft have become progressively larger and heavier with
iticreasing structural loading of the pavement. The addition of the other PCI

AS
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deducts not included in the SCI and increasing aircraft loading will tend to
accelerate the rate of deterioration of in-service pavements.

As a pavement begins to structurally deteriorate, its ability to carry
load through bending decreases. When carried to the extreme, the pavement is
cracked into small blocks that are pushed into the subgrade with negligible
bending. Consequently, in badly deteriorated pavements further progression of
deterioration will depend less on fatigue tensile related cracking than it
will, on spalling and faulting. Also, deteriorated pavement will allow water
to penetrate to the subgrade thereby weakening it and reducing the pavement
support. The C and CF relationships are based on accelerated traffic

tests that, although they include field effects such as temperature or mois-
ture warping or nonuniform subgrade support, generally do not last long enough
to provide information on water penetration and subgrade weakening that may
occur over years as a pavement deteriorates.

The rate of deterioration of the SCI predicted by the C and CF

relationships is reasonable for the data and limitations upon which the
relations are based. An in-service pavement will have additional deteriora-
tion besides that predicted by the SCI loss from the C0  and CF relations.

UNFAILED TEST SECTIONS

Four test items in Table 7 had SC! values of 100 at the end of traffic
testing. Table 10 shows the predicted performance of each of these sections
along with the coverage level at the end of trafficking. Only one test sec-
tion exceeded its predicted C0 value where deterioration would have been

"expected to start, The other three test sections stopped traffic before
reaching their C values und, as predicted by the model, showed no
deterioration.

Table 10

Predicted Performance of Unfailed Test Item

Predicted Performance Unled

Test Series Test Item C_ _ C_ F CovernA

Lockbourne No. I E2,66M 252 1,024 556

F2.80 2,708 11,253 550

.Lockbourne No. 2 E-7 74,791 325,068 2.2204

Sharonville Heavy Load 71 7.142 x 106 32,653 x1 6 9,680

U-TAPAO AIRBASE

During the Vietnam War, three pavement features failed under B-52 traf-
fic at tt-Tapao Airbase, Thailand. It is generally very difficult to assess
field performance of in-service pavements because the actual number of
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aircraft using the feature and their actual weights are seldom known. How-
ever, since these were bomber aircraft on combat missions, departing aircraft
were probably at or near their maximum weights. Also, the military operations
were concentrated in a relatively short period from 1967 to 1972. These pave-
ment features were subject to predominately B-52 traffic which is such a
severe aircraft when fully loaded that traffic by unloaded B-52 aircraft or
other types of aircraft is insignificant. The failed U-Tapao features offer
the opportunity to check the proposed performance models against in-service
pavement performance.

Pavement condition surveys by Lambiotte and Chapman 4 2 and Lambiotte 4 1

provide the basis for this analysis. Properties drawn from these reports are
shown In Table 11. The SCI values were estimated from the condition survey
reports. The C0  and CF values were calculated using the performance

models presented earlier. About 14 percent of Hardstand Taxiway 2 (the south
end) failed and was rebuilt after only 74 coverages. The remainder continued
to be used with the estimated SCI deteriorating from 88 to 76 over the next
few years. Access Taxiway 2 failed after 1,230 coverages and was rebuilt. No
condition information was available other than the pavement failed. Access
Taxiway 1 failed after 9,820 coverages and was abandoned. At this point, it
had an estimated SCI of 36.

Figure 14 shows the performance of the three U-Tapao pavement features

predicted by the C and C values from Table 4. Also shown are estimates0 F
of the SCI values for Hardstand Taxiway I and Access Taxiway 1. The predicted
performance curves reflect the relative performance of the actual pavements,
i.e,. Access Taxiway I significantly outperformed Access Taxiway 2, which in
turn outperformed Hardstand Taxiway 1.

The best traffic and condition data were available for Access Taxiway 1,
and its SCI of 36, when It was replaced with an adjacent bypass taxiway,
agrees well with the predicted performance. Access TaxIway 2 failed sooner

_* than would be predicted. The rapid failure of one end of Hardstand Taxiway I
at 74 coverages is probably not representative. The fact that orv t*d f•dleG
rapidly and the remaining 86 percent of the feature continued to ,prform 1eads
to the suspicion that moisture or subgrade conditions In this area were worse
than reported or that construction problems may have resulted in low-strength
concrete. Although pavement condition data for the remainder of the feature
were reported to allow estimates of the SCI in 1968, 1969, and 1971, there are
no rollablh traffic data. If the 74 coverages that caused failure after
several months are considered typical for one-third of a year, then there were

about 250,500, and 1,000 coverages as is plotted in Figure 14. If it is con-
sidered tvpical for two months, then the coverage levels would be about 500,
"1,000, and 1,500. The rapid failure of the south end of Hardstand Taxiway I
no doubt caused considerable concern, and evaluation of the structural capac-

% ity of the pavement recognized that this pavement was not capable of sustained

11-52 traffic 2. In al' likelihood traffic on this feature was reduced as much
as possible, and all the constant rate of accumulation traffic estimates are
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42
erroneous. Lambiotte and Chapman noted the following on Hardstand
Taxiway 1:

Traffic intensity, however, is far lighter than on
either of the access Taxiways (I and 2) or other pri-
mary facilities. Thus the prognosis for this pavement
section is that it (deterioration) will probably occur
more gradually than other pavement failures experi-
enced to date on the station.

Overall, the performance models did an excellent job predicting the per-
formance of Access Taxiway 1, overestimated the performance of Access Taxi-
way 2, and in light of the uncertainties concerning traffic levels, made a
reasonable estimate of the performance of Hardstand Taxiway 1. The relative
predicted performance of each feature was consistent with the relative actual
pavement performance.

SUMMARY

Concrete pavement fatigue deterioration can be described by a model
using the two performance factors, C and CF . Until traffic coverages

reach CO , there is no significant structural deterioration, and the pavement

SCI is 100. Between the coverage levels of C0  and CF , the pavement SCI

value decreases linearly with the logarithm of coverages until an SCI value of
zero is reached at CF * Conceptually, C0  is the onset of deterioration,

and CF is complete failure. The two performance factors, C and CF "may

be determined from the following relationships:

DF - 0.5234 + 0.3920 Log C0

* DF - 0.2967 + 0.3881 Log CF (28)

where

DF - design factor
- concrete flexural strength + layered elastic calculated stress

The relations for C and CF are essentially layered elastic based on

field fatigue curves from accelerated traffic field tests. They account for
fatigue damage from applied loads and indirectly include factors such as
temperature and moisture induced stresses and nonuniform subgrade support
because they are based on full-scale field tests. Actual in-service pavements

will show additional deterioration due to factors not related to fatigue load-
ing. Some of these other factors include durability problems such as
1D cracking, deterioration caosed by maintenance problems such as failed Joint

*• sealant or environmental effects such as subgrade weakening from moisture
infiltration through cracked pavements or improperly sealed joints.I 58
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Figure 14. Predicted performance of U-Tapao Airbase pavements

The C0 and CF relations are developed from full-scale field tests,

and the data show appreciable scatter. However, this variability is common in
fatigue testing in both the laboratory and field. The relationships presented
for C and CF appear to be the most appropriate for the available data.

They are consistent with other criteria and follow the same form as other
fatigue relationships. When these relations were used with unfailed test
items and the U-Tapao Airbase in-service pavements, they gave reasonably good
agreement between actual and predicted pavement performance.

The pavement performance model based on C0 and CF parameters pre-

dicts the SCI of a specific pavement system for any coverage level. This is a
major departure from conventional pavement design criteria that use a specific
failure condition as their basis. The model with the C and CF factors

has no specified failure level; but if the final predicted SC! value is
between 55 and 80 at the end of the design traffic, then the design will be
consistent with the current CE failure criterion.
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EFFECTIVE MODULUS FOR CRACKED SLABS

When a plain concrete pavement slab cracks, its ability to transmit load
through bending is reduced. Generally such a crack in a pavement is unable to
transmit moment, although aggregate interlock across the crack can transmit
shear. This shear transfer across the crack decreases with further applica-
tion of load repetitions or opening of the crack.

The progressive cracking and decreasing load-carrying capacity of a slab
must be modeled for overlay design. The performance relations for concrete
pavements developed in the previous section require that the supporting layers
be characterized by a thickness, a modulus of elasticity, a Poisson's ratio,
and an interface condition. When a concrete base slab is overlaid, the base
slab can continue to crack and deteriorate under traffic loads, and the sup-
port provided to the overlay is decreased as the base slab deteriorates. Con-
sequently, the support provided to an overlay slab by the base pavement is a
variable and not a constant.

Within the limitations of the layered elastic model there are two poten-
tial ways to represent this decreasing support. The base slab thickness used
in the stress calculations can be replaced with a decreased or effective
thickness or the base slab concrete modulus of elasticity can be reduced. Of
these two approaches, the use of a reduced effective modulus of elasticity for
the cracked concrete was selected as the preferable approach for this study.
Thickness is almost the only pavement parameter that can physically be mea-
sured with confidence. The concepts of linear elasticity and the concrete
modulus of elasticity used for analysis are artificial constraints placed on a
real, nonlinear system to make it analyzable. Therefore, it was felt that the
thickness should not be varied and that an effective modulus of elasticity was
a more reasonable adjustment.

EXISTING MODELS

A design study for an overlay at Diego Garcia by Lyon Associates, Inc. 4 4

used 200 falling weight deflectometer tests on cracked slabs to develop a
correlation between the CE visual condition or C factor in Table 2 and the
effective modulus of cracked slabs. This relation was expressed as

S

E r - 67.8 C + 22.9 (29)

'4 where

R - ratio of the effective modulus of the cracked slab to the modulus
r of the uncracked slabs as a percent

C - CE visual condition factor from Table 2

One of the criticisms of the CE C factor has been that it is subjec-
tive and poorly defined. Figure 15 shows a range of possible SCI values for
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the available definitions of the C factor. An approximate relation within

this band is shown in Figure 15 and is described by

C = -0.076 + 1.073 (SCI) (30)

where

C = CE visual condition factor

SCI = structural condition index

zU

I I
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factor and SCI

ST~1his relation can be squbstituted into the Dilego Garcia expression t~o provide

- -' an estimate of the ef'fec~tve modulus in terms of SCd as follows:
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E 0.177 + 0.00727 (SCI) (31)

Two other relations for C versus effective modulus and for nominal
size of portland cement concrete (PCC) slab fragment versus the effective mod-

2
ulus ratio are shown in Figures 16 and 17 . The relation between C and SCT
can be used to convert the relation in Figure 16 into a relation between SCI
and E-ratio. Table 12 lists some sample calculations to show one possible
form of the SCI and E-ratio relation derived from Figure 17. The assumptions
on damage used in developing the relation between SCI and nominal slab frag-
ment length obviously affect the results, and the curve in Figure 17 is one of
a family of possible curves.

The AASHTO, Diego Garcia, and slab fragment developed relations between
SCI and E-ratio are plotted in Figure 18. The Diego Garcia relation was based
on data where the C factor varied from 0.35 to 0.95 or a SCI of approximately
41 to 95. The E-ratio should go to 1.0 as the SCI goes to 100 although the
mathematics of the regression analysis does not do so. The relation developed
from the nominal slab fragment size could be replaced with a family of possi-
ble curves developed by changing assumptions of initial slab size and damage

* density. The relations show reasonable agreement with one another, even
though the Diego Garcia relation begins to deviate from the others as the SCI

decreases. Information in the lower regions of SCI values for any of the
curves is missing. These relations are not adequate to develop a usable model
for the effective modulus of cracked concrete, so tests were conducted at the
WES to provide additional data on the effective modulus of elasticity for
cracked concrete slabs.

SLAB TESTS

TEST SLABS

Six concrete slabs were located at WES that could be tested to develop
data for the SCI and E-ratio relationships. Test Slabs I and 2 were located
in the Mobility Division test vehicle parking area. They were 21 by 27.8 ft
in plan, 7.3 in. thick, and reinforced with wire mesh. Both slabs had been
cast directly on the native loess (classified as CL by the Unified Soil
Classification System) subgrade. Slab 1 had several discontinuous contraction
shrinkage cracks. Slab 2 had similar contraction shrinkage cracks that
quartered the slab. The slab dimensions in plan are such that contraction
cracking would be expected for slabs of this thickness. The location of the
cracks at the approximate slab edge centerpoints of Slab 2 supports this con-
clusion. These slabs in the past have only been subject to light traffic of
unloaded Mobility Division test vehicles going to an adjacent wash rack. All
indications are that the existing cracks in Slabs 1 and 2 before the test are
from initial contraction induced stresses and overly large plan dimensions
rather than load related stresses.

Test Slabs 3 and 4 were located in Hanger No. 4 and had been used previ-
ously for parking. The slabs were 15 by 16 ft in plan. 5.6 in. thick, and
reinforced with wire mesh. Both slabs had been cast directly on the native
loess subgrade and had corner breaks. These outside corner breaks had been
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Table 12

"Sample Calculations for Determining SCI and E-Ratio

from Nominal Slab Fragment Size

Nominal Slab b Effectived
Slab Condition SCIa Fragment, in. Er Lengthc Er

Intact 100 240 x 240 1.0 240 1.0

Initial Crack 80 120 x 240 0.83 170 0.98

3 to 4 pieces 55 60 x 60 0.40 60 0.40

6 pieces 39 30 x 60 0.13 42 0.23

9 pieces 23 15 x 30 0 . 0 5 e 21 0.08e

b Agilese 50 percent damage den~ttv.
CCalculated from i#~~gure 17 ugini leagt diumension of nominal slat) trastment.
d Sounre root of areat of q*lab fra$pment.
eCailculaited from 1~igure 17 ustnA effective length.
Ex~trapolated.
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Figure 18. Existing relationship, between SCI and L-ratio
cause4 during previous nearby tests when the wheets oe the oK Transporter had

inadvertently traversed the outside edges of the #labs.

Test Slas 5 and 6 were located on the WF$ Poorhouse Property. Slab 5
vas 13.5 by 17.9 ft in plan, and Slab 6 wa4 16,25 by 17,9 ft in plan. The
slabs had been originally cast an 4 gingile alnb, butt a contraction crack
divided the or'iginal slab into tvo slabs. hoth slabs were 18.1 in. thick and
had been cast directly on the native !oss subfrade. These slabs had been
oritinally used to test securitv sensors. Each slab had slots approutomtely
"1.5 in. wide and 2 in, deep cut attoss the vidth of the slabs. Security
sensor cable had been placod in these .lots, and then the slots had been
filled with flexible polvm-eritc ma~sri.-l.

T"ET PROCFM)PfES AND LIMITATIONS

Data for the SCI and F-ratto relationships were developed by pro-
gre!4s8vol, cracking each of the slabs, rating the olab SCI at each stage of
cracking, and measuring the elastic response of the slab at each stage.
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Cracking was done by dropping a headache ball from a crane at selected points
to try to obtain controlled cracking. A falling weight deflectometer was used
to measure the slab's deflection under load.

The contraction cracks in Slab 2 essentially acted as contraction joints
dividing the original slab into four slabs. Each of these was considered to
be a separate effective slab. All deflection tests wcre run away from thE
sides of Slabs 3 and 4 that had the corner cracks. Consequently, the effect
of these corner cracks on the elastic deflection of the slab should have been
minor, and they were ignored in computing the SCI for these slabs. The sensor
slots in Slabs 5 and 6 could not be avoided and would have some effect on the
stiffness of the slab. However, their small size in relation to the overall
slab dimensions and the fact that they were filled suggested that their over-
all effect on deflection would be minor. However, they would probably affect
crack location significantly.

Slabs I through 4 were all lightly reinforced. Airfield pavement slabs
and most highway pavement slabs are not usually reinforced. Reinforcing in

'S pavements is placed at middepth of the pavement to hold any cracks that form
tightly closed and to prevent opening and working of the crack. Reinforcing
in pavements is not intended to handle tensile strains as it Is in structural
concrete. Its location at or near the midpoint of the slab should be near
enough to the neutral axis of bending that any effect on deflection by the
reinforcing steel should be slight, but it was ignored for this test. Because
the steel will tend to hold cracks tightly closed, all cracking in these slabs
can be expected to be low severity.

Concrete cracking from the impact of the dropped weight is due to shock
waves. Fatigue cracking develops slowly from repeated load application. How-
ever, research has found no difference in cracks caused by slow or fast load-

Ing and the cracking from thiU test's impact loads should affect deflection
measurements in the same manner as would fatigue cracking.

Deflection measurements were made using the Dynatest Falling Weight
.Oeflectometer. nodel 8000. This machine uses a weight dropped onto an
,l.812-in.-diam steel plate to impart an impulse load to the pavement and
cause the pavement to deflect. A hard plastic pad followed by a hard rubber
pad are attached to the )ottom of the plate. Four drop heights are available

_ so that the level of tmpct load can be selected to be within the range of

each test drop is measured by a load cell. Velocity transducers are used to

measure surface deflections up to 79 * 10 in. in magnitude. Deflections
were measured radially in a straight line at 0, 12, 24, 36, 48, 60, and 72 in.
from the center of the plate for this test. The 0-in. transducer measures the
deflection through a hole in the center of the plate. All data are automatt-
cally recorded and stored for future analysis. Typically four drops were made
at any one station. The first drop generally gave the highest deflection
readings probably because of the seating of the plate under load. The first
readings were not used for analysis. The next three drops were checked for
consistency of results, and one typical set of readings was selected for
analysis.
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The cýflection basin measured by the velocity transducers was used to
determine modulus values of the concrete and subgrade. Modulus values were
varied until the calculated basin matched the measured basin as closely as
possible. Deflections were calculated using the layered elastic model solved
with the BISAR computer code. The iterations of matching the calculated and
measured deflection basins were Jone using the computer program BISDEF
developed by Dr. Walter Barker of WES. BISDEF uses BISAR as a subroutine to
calculate deflections. The calculation of modulus values from deflection
basins is a standard WES pavement evaluation and analysis procedure described

in detail by Bush

The input requirements and selected constants for each BISDEF calcula-
tion are shown in Figure 19. The 1 million-psi modulus material at 20 ft w3s
found necessary in previous work to obtain accurate surface deflection predic-

tions 59. The computer program BTSDEF varies the concrete pavement and sub-
grade modulus (or one of them can be set to a specified value) until the
computed deflection basin matches the measured one as closely as possible.

Deflection basins were measured at three locations on each slab. The
location of deflection basin measurements and initial slab conditions are
shown in Figures 20, 21, and 22. Each falling weight test position is identi-
fied as position 100, 200, or 300 on each slab. In general position 100 is
located at the center of the slab, position 200 is adjacent to a Joint, and
position 300 is at a slab quarter point. The contraction cracking in Slab 2
required some modification of this positioning as shown in Figure 20. The
third digit in the position number indicates the series of cracking. For
example, test 100 is an initial falling weight test at position 100 before any
cracking. Test 101 is a falling weight test at position 100 after the first
set of cracks have been formed, Test 102 is a falling weight test at position
100 after the second set of cracks have been formed, etc. As the tests were
conducted on Slab 1, modifications to test positions were made. The posi-
tion 100.5 was established immediately north of the crack so that the plate
and sensors would be on the same side of the crack. Tests were run at both
position 100 and 100.5, and tests were subsequently numbered 101, 101.5, 102,
102.5. After th, final cracks were made in Slab 1, deflections at posi-
tion 300 were very large because of extensive cracking in the area; therefore,
another location was tested. This position is shown as 300.5 in Figure 22,
and the test was numbered 304.5. Test 3 at position 300 was rerun the next
day and is identified as test 304R. All deflection basins that were collected
during these tests are recorded in Appendix B.

INITIAL MODULUS VALUES

The results of falling weight tests and predicted modulus values for the
concrete and subgrade of each slab and test position before beginning the
cracking of slabs are shown in Table 13. When evaluating a concrete pavement
to determine modulus values, it is the general practice to run the test at the
center of an intact slab so that the conditions of continuous, homogenous,
linearly elastic layers assumed in the analytical model to calculate deflec-
tions will be as nearly valid as possible. Position 100 on all slabs most
nearly corresponds to this condition. The lowest deflections were recorded at
position 100 on all slabs and the highest at position 200 adjacent to a joint
or crack. The only exception is Slab 2 where position 300 in the corner
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Figure 20. Position of falling weight tests for Slabs I and 2
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between cracks had the highest deflection. Position 200 on all slabs and
position 300 on Slab 2 are the least satisfactory tests to try to determine an
initial, uncracked concrete modulus of elasticitv because the presence of
discontinuities distorts the deflection basin by violating the basic assump-
tions of the analytical model used to calculate deflections. All tests at
each position were run with the plate and the velocity transducers in the same
position.

The predicted subgrade modulus for Slabs 1 and 2 varied from approxi-
2

mately 9,500 to 10,500 lin. . These elastic modulus values correspond to a

modulus of subgrade reaction k of approximately 100 to 110 lb/in. 2/in. This
is toward the lower end of the range of values to be expected from this soil
type. However, this subgrade was originally poorly prepared before concrete
placement, and the slabs are located adjacent to a washrack and between the
washrack and a drainage ditch. The subgrade soil under the slabs probably
remains wet since the washrack is in frequent use. Therefore, subgrade soil
modulus values appear to be reasonable for Slabs 1 and 2. A plate load test
run at Slab I approximately 2-1/2 months after these deflection tests found

2"the k value to be 167 lb/in. /in. This value is in reasonable agreement
with the predicted values from the falling weight tests considering the
approximate nature of all correlations between modulus of subgrade reaction
and elastic modulus and considering the elapsed time between tests.

The predicted concrete modulus values for Slabs I and 2 vary from

approximately 1.6 to 2.8 million. These modulus values are unusually low for
concrete; however, the quality of the concrete in Slabs I and 2 is very poor.
The concrete tended to crush rather than crack when struck by the headache

,. ball. The same was true even when the ball was dropped from only a few feet
above the pavement surface. An examination of the crushed concrete found
intact aggregate and a soft matrix that could often be broken by hand. Imme-
diately after crushing there was a distinct odor that was generally described
by observers as green. Although the concrete modulus values are low, the con-
crete quality appears to be poor, and the values are therefore not
unreasonable.

Test 300 on Slab I was taken as the most representative test position to
serve as a base for further analysis as the slab was cracked. The error in
matching this basin was smaller than position 100, and as will be discussed
later, during initial cracking a crack formed between the plate at posi-
tion 100 and the first sensor and thus made interpretation of the deflection
basin more difficult using an elastic layer analytical model. Position 200,
as discussed earlier, is the least desirable position to use as a base for
further analysis. For Slab 2, Test 100A in Table 2 was selected as the base

* for further analysis. This test is the same as Test 100 except the 72-in.
sensor deflection was not used in the basin matching because the sensor was
located across the joint on Slab 1. Removing this sensor from the analysis
significantly reduced the error in matching the basin when compared with
Test 100, and the error is significantly lower than Tests 200 or 300.

The soil modulus of elasticity values for Slabs 3 and 4 vary from

approximately 13,000 to 16,000 lb/in. 2, neglecting position 200 on each slab.
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This corresponds to a modulus of subgrade reaction k of about 110 to

150 lb/in. 2/ in. which is reasonable for this soil. A plate load test run at
Slab 3 approximately 2-1/2 months after the deflection tests found a modulus

of subgrade reaction of 122 lb/in. 2/ in. The length of time between the
original falling weight test and the plate load test probably had a minimal
effect since the slabs are located inside a hanger and are protected from
weather. The modulus of concrete for Slabs 3 and 4 ranges from 2.5 to

2
5.9 million Wb/in. . Test 100 on Slab 3 and Test 300 on Slab 4 were selected
as the best choices for further analysis because they had the lowest errors
and most consistent and reasonable soil and concrete modulus values.

The concrete and soil modulus values for Slabs 5 and 6 in Table 13 are
much less satisfactory than those calculated for Slabs 1 through 4. A major
part of this problem is the small magnitude of the deflections that could be
obtained on the 18-in.-thick slabs using the falling weight deflectometer.
Small errors in deflection measurements cause by lack of instrument sensitiv-
ity greatly affect the basin and resulting calculations when the deflection
magnitudes are so small. Concrete modulus values of 10 to 20 million are com-
pletely unrealistic. The concrete modulus values of 4 to 5 million for
Tests 100 and 300 on Slab 5 are much more reasonable. However, the subgrade
elastic modulus values for these two tests are approximately 22,000 and

211,700 lb/in. . These values correspond to modulus of subgrade reaction k

values of about 190 and 120 ib/in. 2/in. The value of 190 lb/in. 2/in. is
toward the upper end of values to be expected for this type of soil. These
slabs are located on the soil surface at the top of a well-drained hill. No
information on site preparation before construction could be located. At the
time of these tests, Vicksburg, Miss., was in the midst of an extended
drought. The combination of good site drainage and extended dry weather make
it plausible that the elastic modulus values for this site could be on the

2
order of 22,000 lb/in. . More expected values for this soil under moist con-
ditions would be 10,000 to 15,000 psi as at position 300. This position also
gave the smallest errors for matching the deflection basin on Slab 5. When
the deflection Test 1OOB was run with the same subgrade modulus as Test 300,
the predicted concrete modulus was 10 million which is too high to be accept-
able. The concrete modulus at position 100 on Slab 6 was calculated with

assigned subgrade modulus values of 13,250 lb/in.2 (Test 100A) and
2

21,990 lb/in. (Test 100B). Results are shown in Table 13. The predicted
concrete modulus value of 8.6 million for 100A remains suspiciously high.
When the high-strength subgrade modulus was used in 100B, the predicted con-
crete modulus was 4.6 million, which is within reasonable ranges for concrete
and is in agreement with the predicted concrete modulus values Tests 100 and
300 on Slab 5. Test 100 on Slab 5 and Test 100B on Slab 6 were selected as
the most reasonable results to use as a base for further analysis for (a) the
center of the slab, position 100, provides the closest physical agreement with
the layered elastic model, (b) slab 5, position 100, gives reasonably small
agreement errors between the calculated and measured deflection basins,

(c) the relatively high subgrade modulns of 21,990 lb/in.2 gives consistent
and reasonable predicted concrete modulus values for both Slab 5, Teat 100,
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and Slab 6, Test 100B, (d) the subgrade modulus value of 21,990 lb/in, is
reasonable, even though it is somewhat high for the site, weather, and soil
conditions, (e) lower subgrade modulus values gave unrealistically high
predicted concrete modulus values for Slab 5, position 1OOB, and Slab 6,

N position 100A.

CRACKED SLAB SCI ANALYSIS

After the initial uncracked falling weight deflection data were col-
lected for a slab, the headache ball was used to develop various levels of
cracking, and then the SCI at each level of cracking was determined. The SCI
calculations assumed that the test slab was representative of a pavement fea-
ture with a 50 percent distress density. At each level of cracking with
accompanying SCI calculation, falling weight deflection data were collected
for each position on each slab. Generally, all falling weight tests and
cracking were performed one day for each slab.

Photographs and crack maps for each slab at the different stages of
cracking are contained in Appendix B. Slab 2 was effectively broken into four
slabs by contraction cracking, and the slab considered in the analysis was the
northwest corner of the original slab. This slab, for analysis, is bordered
by the west edge of the slab, the joint between Slabs 1 and 2 and two contrac-
tion cracks.

The calculations of the SCI for each stage of cracking on each slab are
summarized in Table 14. The guidelines for SCI calculations were used for
determining the SCT for these slabs with two limitations. Since only one slab
was available, all SC! calculations assume a 50 percent damage density. This
test slab would be considered as representative of an entire pavement feature
to be evaluated. The SCI value of zero was assigned when the area immediately
around the test position was divided into multiple fragments by extensive
cracking as for Slab 1, Test 104 shown in Appendix B.

DETERMINING CRACKED CONCRETE MODULUS

A concrete modulus was calculated for each stage of cracking, as
described earlier, by matching the falling weight deflection basin as closely
as possible. Table 15 shows the results of these calculations for Slab I at
positions 100, 200, and 300 at each stage of cracking. For the calculations
for Slab 1, the subgrade modulus of elasticity was set equal to 10,000 ib/in.
for all positions. Results for the initial Tests 100, 200, and 300 appear
reasonable. However, once cracking starts (Tests 101, 201, etc.) calculated
concrele modulus values decrease rapidly, and the error in matching the basin
Increares dramatic.:ily. Figures 23 through 25 show the measured and calcu-
lated basins at each position and degree of cracking on Slab 1. From these
figures, it Is £pparent that layered elastic theory can do a reasonable job of
matching the deflection basin of an intact slab. Once cracking begins, dif-
ferences between the measured and predicted basins become more pronounced.

Since the cracked slab deflection basin could not be matched acceptably
by layerod elastic theory, the effective modulus of concrete was defined to be
that modulus which would give the same deflection under the center of the
loaded plate using layered elastic theory as was measured in the falling
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Table 14

Summary of SCI Calculations for Test Slabs

Slab Test Damage Type Density, % Severity Deduct SCI

1 300 None 0 -- 0 100

301 Type 3, L/T/D cracking a 50 Low 20 80

302 Type 12, shattered slab 50 Low 42 58

303 Type 12, shattered slab 50 High 77 23

304 Closely spaced cracks ..-- 100 0

2 100 None 0 -- 0 100

101 Type 3, L/T/D cracking 50 Low 20 80

102 Type 3, L/T/D cracking 50 Low 20 80

103 Type 12, shattered slab 50 Med. 61 39

104 Type 12, shattered slab 50 High 77 23

3 100 None 0 -- 0 100

101 Type 12, shattered slab 50 Med. 61 39

102 Type 12, shattered slab so Hfigh 77 23

4 300 None 0 -- 0 100

301 Type 12, shattered slab so Low 42 58

302 Type 12, shattered slab 50 High 77 23

5 100 None 0 -- 0 100

101 Type 12, shattered slab 50 Ned. 61 39

102 Type 12. shattered slab 50 High 77 23

103 Closely spaced cracks .. 100 0

6 100 None 0 -- 0 100

1 101 Type 3, L/T/D cracking 50 med. 45 55

102 Type 12, shattered slab 50 High 77 23

103 Closely spaced cracks ..-- 100 0

a ./T/D cracking - longitudinal/transverse/diagonal cracking.
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Table 15

Predicted Concrete Modulus from Slab I

by Matching Deflection Basins

Predicted
Position Concrete Modulus, psi Absolute Error Arithmetic Error

100 2,266,000 3.1 -2.6

101 545,000 11.2 9.9

102 50,000 31.4 31.4

103 50,500 30.3 30.0

104 10,200 35.2 35.2

200 1,870,000 5.5 -4.3

201 467,000 10.7 10.7

202 153,000 22.1 22.1

203 312,000 11.7 11.6

204 10,000 25.9 18.2

300 1.504,000 2.0 2.0

301 783,000 25.0 -5.4

302 500,000 17.3 11.3

303 215,000 24.7 24.3

3 0 4 Rd 20.136 29.5 29.5

aSubgrade modulus for all runs set at E 1 0,000 psi.
bArithmetic error w sun of the percent error.

C Absolute error a sum of the absolute values of percent error.
Percent error - (measured deflection - calculated deflectiona)(easured
deflection).

d Retested next day, original test overranged sensors for lowest load,
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weight test. The representative positions, initial concrete modulus, and sub-
grade modulus for uncracked concrete slabs were selected earlier. For each
test at subsequent levels of cracking, the measured field center deflection
from the falling weight test was matched by varying the concrete modulus and
holding the subgrade modulus the same as for the initial uncracked condition.
The BISAR layered elastic computer code was used for all calculations.
Table 16 summarizes the calculations of effective concrete modulus for each
level of cracking of each slab.

CRACKED SLAB MODEL

Figure 26 shows the data in Table 16 plotted with the original estimated
relationships of the E-ratio and SCI from Figure 18. The best fit second
order polynomial least squares regression for these data is described by the
equation:

E-ratio = 0.0198 + 0.0064 (SCI) + (0.00575 x SCI)2

Sn = 24

2

r = 0.95

Standard error of regression - 0.083 (02)

At the SCI value of 100, the predicted E-catio is 0.99. The coefficients of

the above equation were adjusted slightly so that at the SCT of 100, the pre-
dicted E-ratio is 1.00. The form of this Linal recommended equation is
plotted In Figure 26 as

E F-ratio - 0.02 + 0.0064 (SC!) + (0.00584 x SCI) (33)

This equation npnears to be a reasonable relationship. It is in agree-
ment with trends suggested by existing relationships in Figure 26. It also
appears to do a reasonable job of agreeing with the data developed in the WES
slab tests. At the SCI value of zero the predicted E-ratio is 0.02. For a
common concrete modulus of elasticity of 4 million psi, the effective modulus
of elasticity of the concrete slab when completely broken up would be pre-
dicted to be 80,000 psi. This value is in the range of modulus values used
for analysis of granular base courses and would be a reasonable representative
value of a badly broken up concrete slab. For the information currently
available, the formula for E given above appears to be the best and most
reasonable one available. r

a82

V

m.4



Table 16

Effective Concrete Modulus Using Center Deflections
a

Slab Test Position Concrete Modulus, psi E-Ratio SCI

1 300 1 , 6 2 0 , 0 0 0 b 1.000 100

301 1,180,000 0.728 80

302 985,000 0.608 58

303 258,000 0.159 23

304 24,250 0.015 0

2 IOOA 2 , 7 5 8 , 0 0 0 b 1.000 100

100 1,950,000 0.707 80

102 1,724,000 0.625 80

103 466,000 0.169 39

104 306,000 0.111 23

3 100 5 , 8 6 2 , 0 0 0 b 1.000 100

101 2,650,000 0.452 39

102 1,110,000 0.189 23

300 5,884,000b 1.000 100

4 301 4,350,000 0.739 58

302 1,210,000 0.206 23

5 100 3 , 9 5 9, 0 0 0 b 1.000 100

101 950,000 0.240 39

102 496,000 0,125 23

103 135,000 0.034 0

6 IOO1 4 , 6 3 2 , 0 0 0b 1.000 I00

101 2,000,000 0.432 55

102 995,000 0.215 23

103 313,000 0.068 0

aE-Ratto effective E of concrete slab/Initial E of concrete slab.
bTaken from Table 13.
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LOAD TRANSFER

MEASURED LOAD TRANSFER

When a load is placed on the edge of an airfield pavement slab, some
portion of that load is carried to the adjacent slab by the dowel bars, keys,
or aggregate interlock between the slabs. This additional support provided by
the adjacent slab is load transfer. It is usually expressed as a percent of
the total load applied (e.g. 25 percent load transfer means that 25 percent of
the load is carried by the adjacent slab). In an analysis using the Wester-
gaard free edge model, the effect of load transfer can be included directly by
assuming that some percentage of the applied load is supported by the adjacent
slab. Because the system is linear, a 25 percent reduction in load results in
a 25 percent reduction in stress, as can be verified by examining the Wester-
gaard equations. The CE and FAA design procedures assume that 25 percent of
the load applied to the edge of a slab is supported by the adjacent slab.

As discussed earlier, the layered elastic analytical model is unable to
account for the load transfer effect directly. All the performance models and
relationships developed in this study have been based on test sections that
have used doweled or keyed construction joints and contraction joints on short
joint spacings that develop good aggregate interlock. Consequently, all of
the relationships in the proposed design procedure are only valid for pave-
ments that use these standard joints and develop typical levels of load
transfer.

The actual value of load transfer across a joint is a variable rather
than a constant. It will be influenced by a variety of factors such as con-
struction quality, magnitude of joint opening from temperature and moisture
fluctuations, load magnitude, and number of repetitions of traffic.

Load transfer can be determined in the field by comparing strains or
deflections measured on the loaded and unloaded side of a joint. Data of this

type reported by Grau 19, Ahlvin et al. and Ohio River Division Laborato-

ries51' 5 2 ' 5 4 were analyzed to obtain load transfer values for different joint
types. Load transfer from strain data was computed as the ratio of strains
frnm the unloaded side of the joint to the strains on the loaded side of the

joint. Grau19 gives more detail on this type of analysis.

The Joint efficiency measured as the ratio of the deflection on the
unloaded side of the Joint to the deflection on the loaded side of the joint
can be related to the stress load transfer or percent maximum edge stress as
indicated by the two relations in Figure 27. The regression tquation fitted

to Chou's data In Figure 27 should pass through the 50, 1.0, 100, and 0.0
points for percent maximum edge strens and joint efficiency; however, the
mathematics of the regres.ion does not meet this requirement. Most of the
deflection data to be analyzed fail in the intermediate joint efficiency

I'
ranges where the regression equation provides good agreement with Chou's

results, and this equation was used to convert reported deflection Joint
efficiency data into edge percent raximum stress. A comparison between
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*14 66
Chou's results and the relation suggested by Sawan and Darter shows dif-
ferences of up to approximately 8 percent in the estimate of percent maximum
edge stress for a given joint efficiency.

Table 17 shows the results of the analyses of the deflection and strain
19 1

data reported by Grau , Ahlvin et al. and Ohio River Division Labora-
* tre51,52,55

tories . Doweled 'oints and contraction ioints with aggregate inter-
lock achieved high mean values of load transfer that exceeded the common
25 percent assumption while the keyed joint mean load transfer barely met this
assumption. The free joint that was used at the Lockbourne tests consisted of

* a piece of redwood board the full depth of the slab which provided high vari-
"able and low levels of load transfer. This joint is not a standard joint, and
deterioration in test items that used this joint usually started around these
Joints. For this reason the earlier analyses did not include test item slabs
with this joint.

Table 17

Load Transfer for Different Joint Types

Number of Load Transfer Coefficient of
Type of Joint Data Points Range Mean Variation, X

Doweled Construction Joint 195 0.0-50.0 30.6 38.0

Doweled Fxpansion Joint 15 15.4-42.6 30.5 24.4

Contraction Joint with 46 15.6-50.0 37.2 19.2
Aggregate Tnterlock

Keyed Joint 61 5.6-49.0 25.4 41.4

Lockbourne "Free" Joint 8 5.8-24.5 15.5 40.9

A joint, particularly if overloaded, will deteriorate with increasing
traffic repetitions. Figure 28 shows that the initially high load transfer of
45.2 percent of a keyed joint deteriorated under C-5A traffic to levels of
15.4 and 11.1 percent. Reductions in load transfer with traffic repetitions

have also been reported for other types of joints6

This loss of load transfer with traffic is of particular importance for
S.-overlay analysis. The base pavement is often being overlaid because of struc-

tural damage from past traffic. Consequently, an integral part of any overlay
desiRn must be the assessment of the existing load transfer at the joints in
the base pavement. If these joints are not achieving at least the 25 percent
load transfer commonly assumed for standard joints, then adjustments to the
proposed design method must be made. These adjustments can be made by devel-
oping a factor to increase the stresses calculated by the layered elastic
model if substandard load transfer is found in the joints of the base
pavement.
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MODIFICATIONS FOR LAYERED ELASTIC THEORY

Parker et al.5 9 observed that the relation between stresses for rigid
pavement test sections calculated using the Westergaard edge loaded model and
the layered elastic model was approximately linear. To obtain additional

information on the relation between Westergaard and layered elastic stresses,
both stresses were calculated for an additional 60 cases to supplement the 60

59
test sections analyzed by Parker et al.5. These additional cases included
F-4, B-707, B-727, B-747, and C-141 aircraft with modulus of subgrade reac-

tions from 50 to 400 lb/in. 2/in. and thicknesses of 6 to 40 in. These calcu-59

lations along with the Parker et al. stress calculations are tabulated in
Appendix C.

Several different least square regression relations were tried for these
120 total cases. As can be seen in Figure 29, a simple power relationship did

better than the linear relationship suggested by Parker et al. . The scatter
of the data is larger at high levels of stress. However, in the range of
stresses encountered in normal design the scatter is much less. This power
relationship can be expressed as

YaLE 0 0.64(a ))0.972 (34)

where

y -eaulvalent proportion of lavered elastic stress to account for
load transfer in the Westeraoard stress

a . - stress from layered elastic analytical model

B = the proportion of the Westergaard stress used in design to
account for load transfer, i.e., 1.0 - a

o , stress from Westergaard edae loaded analytical model
w

a - load transfer to adjacent slab
It is apparent that y is simply 6 raised to the 0.972 power. All the
models and relationships developed for use with the proposed design procedures
are based on Joints meeting the common ?5 percent load transfer assumption.
Nor-aliting the relation between y and 6 for the standard 25 percent loadtrnnafer results in a multiplier X for the layered elastic stress as shown
In Figure 30. The equation for the multiplier X is

0.972
* 

I a) (35)X - , 0.7561

, it

whore a is load transfer.
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*: PROPOSED DESIGN PROCEDURE

METHODOLOGY

The models for predicting pavement performance, representing the reduced

structural support of a base slab as It cracks, and accounting for substandard
load transfer were developed in the preceding sections and can be incorporated
in a new design procedure for overlays. This proposed design procedure will
use the layered elastic analytical model to calculate load induced tensIle
stress in the base pavement and overlay. These stresses are used to predict
deterioration of the base and overlay in terms of a SCI varying from 0 to 100.
Effects of fatigue damage to the base pavement prior to placing the ovei lay,
progressive cracking in the base pavement and substandard load transfer at the
pavement Joints are included in the analysis. The steps In the proposed
design procedure are shown in F4 gure 31 and will be discussed A-d illustrated
with a design example In the following sections.

MATERIAL PROPERTIES

Each layer in the pavement must be described by a modulus of elasticity
* and a Poisson's ratio. A very effective method of estimating the modulus of

elasticity for the existing base pavement and underlying layers is to calcu-
late the modulus values from the deflection basin of a falling weight as was

1idone for the six slabs described earlier and as is described by aush . The
modulus value for the overlay concrete could be determitted in the laboratory
as part of the mixture proportiotnin studies; or it could be conservatively

. estimated as 4,000,000 lb/in.2 as is currently done for the CE and MAA pave-
"ment design curves. Another option would be to estimate it from typical lobo-
ratorv or nondestructive test values from recently completed local proiects

". that used concrete mixture proportions similAr to that anticipnted for the
overlay. Poisson's ratio is seldom measured for pavement analydis. Insteod.
it i" comonly estimated to be 0.15 to 0.20 for concrete. 0.30 for granular
materials. and 0.40 to 0..50 for cohesive soil materials.

If falliop weight deflectometer or similar nondestructive -ests are not
used to determine modulus value%, laboratory rosts can be run on samples taken
from the base pavement and underlying lavers to determine modulus values.
This in relAtively simple for the concrete In the base oave".ent or for samples
of stAbilirtd material. On the other h~nd. laboratory resllient modulus tests
on undisturbed or rcprt-e'ttative recompacted soil samples are expensive and
often difficult to Interpret properly.

Modulus v:alues for soils are often estimated from correlationg with
extstin# testn. For example, the ORR fs often used to estimate modulus values
if no more detailed Information is available. An approximate relation 4ug-

-Jisg ogted bv Dotsuan and Klomp Is
*92
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" "• where
hee E modulus of elasticity, lb/in. 2

CBR the California Bearing Ratio, percent

DETERMINE BASE PAVEMENT AND
OVERLAY MATERIAL PROPERTIES

DETERMINE BASE PAVEMENT
FATIGUE AND STRUCTURAL

CONDITIONS

SELECT TRIAL OVERLAY
THICKNESS

4 CALCULATE C0 AND CF FOR
BASE PAVEMENT

"'" ,: DIVIDE TRAFFIC INTO INTERVALS
FOR ANALYSIS

SCALCULATE OVERLAY Co AN!AC• FOR

EACH TRAFFIC INTERVA

S~DETERIORATION

L NO DOES PERFORMANCE MEETi t 7DESIGN REQUIREMENTS

Figure 31. Steps in the proposed design
procedure

Parker et al. have suggested the followIng relationship

Log E 1.415 + 1.284 log k (37
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where

"E = modulus of elasticity, 1b/in.2

k = modulus of subgrade reaction, lb/in. 2/in.

If no other data are available, the modulus values could be estimated from the
soil classification, but this is obviously the least accurate approach.
Table 18 shows some typical modulus of elasticity values. The values vary
widely and reflect variations due to temperature, state of stress, load fre-
quency and duration, age and composition of materials, and strain level.
Selection of modulus values for design is a critical step. More detailed
information on determining modulus values for paving materials to be used with

layered elastic analysis can be found In Parker et al. 59, Barker and
20

Brabston', and Green

Table 18

Ipical Modulus of Elasticity Values

2
-_____Mat er.:.i - Typical ranges, lb/In,2-- ii V.,"10

I ,tl,,ad Cement Concrete 3.5 - 6.0 x1 6

Asphalt Concrete 100,000 - 1,000,000 (highly
temperature dependent)

Highly Plastic Clay or Silt (CH, MH)a <15,000

Clays and Silts of low plasticity, 5,000 - 20,000
"Silty Clays (CL, ML)8

Sands, Sandy Clays, Clayey Sands 15,000 - 40,000

'I' (SP. SW, SM, SC)

Natural Gravels (GP, GW, GM, GC)a 15,000 - 100,000

Crushed Well-Graded Stone (GM, GW)a 30,000 - 150,000

Stabilized Base Course Materials 200,000 - 1,000,000

SaUnlfied Soil Classification Symbols.

A problem arises If the modulus of subgrade reaction, k . is used to
estimate the elastic modulus values for a granular base over a subgrade. A
V3-in.-diam plate is used to determine a composite k on the surface of the
base that. unless the base is exceptionally thick, includes the influence of
both the base and subgrade. This is the k that vould be used in
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conventional design. For the proposed design procedure it would be appropri-
ate to conduct plate load tests (or CBR tests) on the subgrade as well as on
the surface of the base course to get better estimates of modulus values. If
a relatively thin granular base on the order of 4 to 6 in. thick rests on a
clay ,ubgrade, the composite k may give a reasonable estimate of the mcdulu3
of elasticity. Such thin layers in a pavement may not actually act indepen-
dently and are very difficult to compact if they are on a resilient subgrade.
Consequently, these thin bases may not obtain very high modulus values. If,
on the other hand, the base is relatively thick, any modulus value estimated
from the composite k will not adequately reflecc the lower modulus of the
subgrade. Each structural layer in the pavement must have its modulus value
evaluated. Tests with the falling weight deflectometer or similar derice are
the best method of characterizing the pavement properties under these
conditions.

Flexural strength has a major impact on concrete pavement performarce.
Consequently, the best possible estimate of flexural strength is needed. The
flexural strength of the overlay concrete should be determined as part of the
mixture proportioning studies. The flexural strength of the base pavement may
be determined from historical data, flexural beams cut from the base pavement,
or approximate correlations between flexural strength and tests run on cores
taken from the base pavement. Flexural strength Is often estimated by the
relation

f K Ifr (38)
f 1 c

* where

f flexural strength, lb/in. 
2

K, 0 a constant varying from 8 to 10

fe M compressive strength, lb/in.2
C

Also, Hammitt21 has suggested the relationships

f + 2123
f f 10.02

n -. 189 tests

2
r" - 0.77

f f - 210 + 1.017 fst (39)
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*n 199 tests

2
* r 0.73

where

f' = compressive strength, lb/in. 2

f f = flexural strength, lb/in. 2

Sst = splitting tensile strength, lb/in.

There is no unique correlation between flexural strength and compressive or
splitting tensile strengths. The actual relationship varies depending on the
aggregates and mixture proportions used in the concrete. Even though cores
are far easier to obtain from an existing pavement than beams, the estimate of
flexural strength from compressive or splitting tensile tests on the cores may
not be v-ry reliable.

The interface conditions between layers must also be described. In gen-
eral all pavement interfaces except those with concrete have been treated as
fully bonded in most layered elastic analyses of pavements. The interface

V%•, between concrete cnd other maLerials is usually treated as frictionless.
Obviously, t..e interfact- for a fully bonded overlay with special surface prep-
_.ration and bonding grouts should be treated as fully bonded, whereas the
unbonded overlay interface with a distinct bond breakiing course would be more
appropriately treat.•d as frictionless. The partially bonded overlay is more
of a problem, and an appropriate friction factor will be developed from the CU

_4 overlay test sectiot data that appear later in this report.

The condi.ion of the base pavement at the time of overlay often deter-
em!-es the bonding conClilon tsed for the overlay. Any crack or joint in the
base pavement :ill reflect through the overlay soon after placement unless
there is a positive bond breaker between the overlay and baa,: pavements.
Therefore, joints in the overlay are matcher! with the base pavement joints for
fully bonded o, partially bonded over]ayj. Also, their use is usually limited

.. @to overlay of pavementq that are ta sound strictural condition. Fully bonded
overlays are used only nn uncracked pavements or pavements with cracked slabs
that are replaced prior to placement of the overlay. Partially bonded over-
lays are sometimes placed in pavements with some minor 1c:ad related cracking.
The pavement SCI should be 70 or better if a partially b(mded overlay is to be
used. lf.wever, slabt shiowing multiple cracks or spalling or raveling cracks
should be replaced prior to placement of the overlay.

The bond breaking courte used with unbonded iverlays is generally thin
and will nort normally ntved to be modeled in the layered elastic analytical
model. Typical Pxamples of bond breakers include polyethylene, heavy applica-
tienns of curing compound, building paper, .applications of sprayed bitumen and
sand or gravel. or thin asphal' concrete layers. Sometimes thicker bond
breaker layers of asphalt concrete, roller compacted cnnorete, or econocrete
may be used as tlveling courses or t, make major grade changes. If these
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layers are I-in. or more in thickness, it will probably be necessary to

include them in the layered elastic model.

BASE PAVEMENT CONDITIONS

Previous traffic on the base pavement has consumed some of its fatigue
capacity. If it has begun to structurally deteriorate from this traffic, an

SCI can be determined from the PCI procedures in the FAA 79, Department of the

_ Navy 25, or Shahin, Darter, and Kohn69 using the specific distress types listed
in Table 5. The ratio between the effective modulus of elasticity and the
initial undamaged modulus of elasticity can be determined for any SCI from the
slab test relationship:

F = 0.02 + 0.0064 x SCI + (0.00584 x SCI) 2  (40)r

Since the initial concrete modulus was determined in the previous step,
*h the effective concrete modulus to use in the layered elastic model can be
4determined. The initial modulus of elasticity should be determined from

intact concrete. For example, falling weight deflectometer tests should be
"run at the center of intact slabs. Certain durability related distress prob-

-, lems such as severe D cracking or crazing due to alkali aggregate reaction
. "affect the concrete modulus of elasticity, and this may need to be included in

the analysis. If the falling weight is used to determine the initial modulus
of the concrete from an Intact slab that is undergoing alkali aggregate reac-

Sfetion, the alkali aggregate reaction damage is already included in the initial
modulus estimate. No adjustment would then be needed. However, if the ini-
tial modulus was determined from historical construction records or estimated,

* then it would be appropriate to include the PCI deducts for crazing because of
alkali aggregate reaction in calculating the SCI. However, minor crazing
caused by plastic shrinkage cracking from improper curing has little or no
effect on the concrete modulus and should not be considered in any adjustment
to modulus values. Each case needs to be analyzed individually.

f11 the pavement to be overlaid hias an SCI of 100, the amount and type of
past traffic on the base pavement must he determine4, Records of this type

'I are often poor, but the best possible estimate of this must be made so that
fatigue damage to the base pavement can be calculated later. A mixture of

- oircraft types can be converted to equivalent passes of a single selected typo+ 7 24

of aircraft using the fAA or the Department of the Army method.

. . The effective load transfer at the joints of the base pavement needs to
he determined. This m•ay he donns by determining the ratio of the deflections

an the loaded to the unloaded side of a joInt and using the relattonship in
"Figure 27 to estimate load transfer. If the effective load transfer is below
25 percent, then a stress multiplier from Figure 30 needs to he selected.
This multiplier will be used in a later step to adjust the calculated stresses
in the base. Presumably, no adjustment will normally be needed for the over-
lay since conventional joint constructtion would be used. Load transfer is a
variable rather than a constant, and it also often decreases with increasing
traffic repetition. Consequently, consistent substandard load transfer
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measurement in the base pavement might conservatively be treated as no load
transfer to recognize the potential for future deterioration.

TRIAL THICKNESS

This design method is an iterative process. A trial thickness of over-
lay is selected, and its condition in terms of SCI at the end of the design
traffic is predicted. If this SCI is unacceptably low, then a thicker overlay
is tried. If, on the other hand, the initial trial overlay thickness is capa-
ble of supporting much more traffic than necessary, a thinner overlay can be
tried. The models used in this proposed design procedure only represent the
deterioration of a concrete pavement due to cyclic fatigue damage caused by
repetitive loading. Other causes of pavement deterioration such as pumping or
D cracking must be guarded against by other means.

BASE PAVEMENT PERFORMANCE

The base pavement performance factors C and C before overlay must
0 F

be calculated for the traffic load applied before the overlay is placed.
Next, these factors must be recalculated for the base after the overlay is

placed using the traffic load to be applied after overlay. These factors are
determined from the following equation

VDF - 0.5234 + 0.3920 log C 0

. ... 4 DF a 0.2967 + 0.3881 log CF (41)

"where

DF " design factor - flexural strength 4 calculated stress

CO - coverage level at which SCI begins to decrease from 100

Cr a coverage level at which SCI becomes 0

* If the base pavement has not begun to deteriorate before overlay, the
fatigue damage f from this previous traffic can be calculated as

.f - C 42)

ob

where

f - fatigue damage

C - coverage of traffic applied before overlay
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C = base performance factor C calculated for traffic loadob applied before overlay 0

The equivalent amount of traffic that this represents after overlay is deter-
* mined by

C = f x CO (43)

* where

CE = the equivalent amount of traffic after overlay that would do the
same fatigue damage to the base pavement as was done by the
traffic before the overlay was placed

C0 = base performance factor C0  after overlay calculated using

trial overlay thickness and the overlay traffic load

If the Joint load transfer has been found to be substandard, the appro-
priate stress multiplier X selected earlier should be used to increase the
calculated stresses used to determine the base C and C factors.

TRAFFIC INTERVALS

The design traffic to be applied to the overlay is divided into inter-
vals so that the stresses from the varying base slab support during each
interval can be determined. The first interval of traffic is up to the base
C 0 value calculated after overlay, and the last interval is all traffic past

"" CF . If some equivalent traffic has been applied before overlay, these traf-

fic coverages must be subtracted from C and CF because this damage has
already occurred.

During the initial traffic interval the full uncracked concrete modulus
is used for the base slab to calculate the stresses in the overlay. During
the last interval the SCT is 0, and the appropriate reduced base concrete mod-

Stulus is used to calculate the stresses in the overlay.

Between C and CF the traffic is divided into intermediate intervals

for analysis. This study used four intermediate intervals and used the appro-
priate reduced modulus for SC! values of 80, 60, 40, and 20 for the intervals.
The intervals of traffic weare from C to the coverage level at which the SCI
wi0
was 70, from this last point to the coverage level at which the SC! was 50.S..... •from thtis last point to th~e coverage level at which the SC! was 30, and from
this last point to CF

If there has been fatigue damage, these traffic intervals must be
reduced by the equivalent traffic. If the base pavement has begun to deterio-
rate before the overlay is placed, the base SCI value at the tite of overlay
determines the initial support conditions. If applied traff.c' before the
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overlay is placed exceeds the Cob value (possibly because of limits of the

model, poor traffic estimates, or inaccurate material or load parameters), the
equivalent traffic can be set equal to C after overlay. Doing so is
equivalent to assuming that the base pavement will begin to deteriorate with
the first coverage of traffic on the overlay.

OVERLAY PERFORMANCE FOR EACH INTERVAL

During each Interval of traffic the damage suffered by the overlay dur-

ing that interval is assumed to be controlled by the performance factors, C0

and CF , calculated for the overlay stresses for that interval. Each inter-

- val of traffic results in a decrease in the modulus of the concrete in the
base pavement. This causes higher tensile stresses in the overlay with a cor-
responding decrease in the overlay performance factors, C0  and CF * Once

these overlay performance factors are calculated for the stresses in each
interval of traffic, the fatigue damage during an interval of traffic can be
determined by

•.• Cif iW (44)

where

<V th
f, overlay fatigue damage during the I interval of traffic

C' - coverages of traffic during the i interval

C 0o the overlay C0 performance factor calculated using the appropri-

ate base pavement modulus of elasticity for the Ith traffic
interval

CONPOSITE OVERLAY DETERIORATION

-•The damage suffered by the overlay during each interval of traffic must
be combined to determine a composite overlay deterioration. The first step is
to determine the coverage level at which overlay deterioration begins. This

coverage level is essentially the overlay composite. C0 * During the first

interval of traffic (i.e., the traffic up to the point where the base slab
begins to deteriorate and support to where the overlay decreases), the fatigue
damage f1  during the first interval can be calculated as noted before.

B.ecause of this fatigue damage, the C0 for the next interval needs to be•-•,•.adjusted as follows:

o 0t -l f C (45)
o,1+ 10 oi+1
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where

C* = C factor for interval i+l adjusted for fatigue damage from the
o,i+1 0

preceding interval

fi= fatigue damage from the preceding traffic interval

C = C factor calculated from the stress for traffic interval i+l
o,i+1l

This process is continued until traffic applied during an interval
exceeds the adjusted C value. When traffic reaches this adjusted C0

value, the overlay is assumed to begin to deteriorate. The loss in SCI over
the remaining traffic interval is assumed to be the same as the loss in SCI
for the same amount of traffic past C0  on the original unadjusted C0 - CF

line of the traffic interval. The loss in SCI for the next interval of traf-
fic will be the same as the loss along that interval's C - CF line. This
is continued until the SCI is zero.

The discussion up to this point assumed that the base cracked under the
overlay traffic. Under some conditions of load, overlay geometry, and mate-
rial properties, the base will not crack before the overlay. For this case,
the composite overlay performance is simply the unadjusted C - CF relation-
ship for the first interval of traffic.

DESIGN REQUIREMENTS

The composite overlay deterioration curve tells how much structural
deterioration is expected for a given overlay thickness at any traffic level.
If the rate of deterioration results in an unacceptable SCI at the end of the
design traffic, then a thicker overlay needs to be tried. If it has more
capacity than needed, a thinner overlay can be tried.

EXAMPLE CALCULATIONS

The overlay design procedure will be illustrated by analyzing overlay
test item A 2.7-60 from the Lockbourne No. I tests.

MATERIAL PROPERTIES

Figure 32 shows the model of item A 2.7-60. Material properties were
reported by the Ohio River Division Laboratories original test report of con-

51 59
struction1 and ere also summarized by Parker et al. Concrete modulus of
elasticity was determined in the laboratory from field cast cylinders. Con-
crete flexural strength was determined from field cast beams, and Poisson's
ratio was estimated as 0.15. The modulus of elasticity of the clay subgrade

59
was estimated using the relation developed by Parker et al. from the modulus
of subgrade reaction. The modulus of subgrade reaction was determined from
field plate load tests. The Poisson's ratio for the clay subgrade was esti-
mated. The inclusion ot the rigid boundary at a depth of 20 ft follows the

59
recommendation of Parker et al. .
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Figure 32. Model of Lockbourne No. 1, Item A 2.7-60

The bond between the overlay and base pavement was treated as unbonded.
The 3/4-in.-thick sand asphalt bond breaker was not modeled directly. If the
bond breaker was much thicker, it would probably be necessary to include the
bond breaker in the model. This bond breaker must be stable under loading.
The cutback asphalt actually used in the sand asphalt bond breaker did not
cure, and it pumped up through cracks and joints. This unstable material led
to premature failure of the overlay, Illustrating that pavement failure can
arise from factors other than the fatigue damage considered in this study.

BASE PAVEMENT CONDITION

Prior to the overlay placement, the base slab was subjected to 520 cov-
• erages of a 20,000-lb wheel 1ord. At the end of this traffic the base pave-

ment had an SCI of 100. All joints for this example meet the basic 25 percent
load transfer.

TRIAL THICKNESS

"9 •iThe trial thickness for this exauple calculation is the actual 7-in.-
thick overlay.

BASE PAVEMENT PERFORMANCE

A 20,000-lb wheel trafficked the base pavement before the overlay, and a
60,000-lb wheel trafficked the overlay afterwards. The calculated stresses
under these loads and the equivalent C and C factors are shown in

0 F
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* Table 19. The fatigue damage from the 20,000-lb wheel load traffic slab can
be calculated by

f C 520 = 0.2456 (46)
SCO(20 kip) 2117

* Table 19

Base Slab Stresses and Performance Factors

Calculated stresses for base slab

Before overlay (20-kip wheel) 405 lb/in. 2

After overlay (60-kip wheel) - 395 ib/in.2

Performance Factors C and CF for base slab

C0 before overlay (20-kip wheel) - 2,117

C0  after overlay (60-kip wheel) - 2,779

CF before overlay (20-kip wheel) - 8,779

CF after overlay (60-kip wheel) - 11,552

The equivalent traffic is

CE f f Co(60 kip) - 0.2456 x 2779 - 682 coverages (47)

The 520 coverages of 20,000 lb wheel before the overlay caused the same damage
as 682 coverages of 60,000 lb wheel would cause to the base pavement after the
overlay was in place.

TRAFFIC INTERVALS

Figure 33 illustrates the effect of the traffic prior to the overlay
placement and the decrease in the support provided by the base slab after it
begins to deteriorate. The traffic on the overlay is divided into six inter-
vals as shown in Figure 34. During each interval of traffic on the overlay
the SCI of the base is assumed to be constant, and the modulus of elasticity
of the base during the interval is assumed to be equal to the value
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corresponding to a constant SCI value. The SCT values for this analysis are
100 for Interval 0, 80 for interval 1, 60 for interval 2, 40 for interval 3,
20 for Interval 4, and 0 for interval 5. The dividing point between Inter-
vals 1, 2, 3, and 4 are points a, b, and c in Figure 34 which corresponds to

p the coverage level where the base SCI is 70, 50, and 30. The equivalent traf-"fic has already been applied to the base.

OVERLAY PERFORMANCE FOR EACH INTERVAL

The stresses in the overlay and the corresponding C and CF perfor-

mance factors for interval of traffic are shown In Table 20.

COMPOSITE OVERLAY DETERIORATION

The first step In developing the composite overlay deterloratlon is to
determine the coverage level where the overlay begins to deteriorate. This is
in effect the composite C0  performance factor. During interval zero of
traffic the fatigue damage to the overlay can be calculated as

ci

do 0  _2,097 0.8

C 00

V.'." where

d- overlay fatigue daaage during interval I

C, - coverageu of traffkc applied during traffic interval I

CO1 - overlay C0  performance factor fut interval I

T'he next traffic interval's CO value adjusted for this fatigue damage can be• ~.
calculAted as

C- (I d C
.0,14-1 1 o6t+1

C* -(I d )C01 0 oi

-%A C* (1 - 0.186) 4,881

-C 1- 9 (48)
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Table 20

Stress and Pezfov. ance Factors for Overlay

Overlay

Overlay Base Slab Stress

Traffic E b/2 C C
Interval Coverages SCI E-ratio lb/in. in. 0 F

0 0-2,097 100 1.000 3,800,000 360 11,254 47,327

1 2,097-3,579 80 0.748 2,842,459 386 4,881 20,357

2 3,579-4,984 60 0.525 1,995,846 414 2,233 9,238

"3 4,984-6,852 40 0.330 1,225,824 446 1,030 4,229

4 6,852-10,870 20 0.161 613,394 486 452 1,840

5 >10,870 0 0.020 /7,554 584 97 388

This analysis is continued for each interval of traffic until the point
wh• -e cracking or onset of deterioration C of the overlay is reached.

Taule 21 shows these calculations for test Item A 2.7-60. At the end of the
interval of traffic number 1 (3,579 coverages) in Table 21, the damage factor
di shows that 37.3 percent of the overlay's capacity before the onset of

deterioration has been used. The adjusted C value for the next interval is

1,400 coverages, and the applied traffic is 1,405 coverages. This applied
traffic is greater than the adjusted C 0,alue of the overlay cracks. This

is a total of 4,979 total coverages including the 3,579 coverages through
interval 1 plus the 1,400 coverages in this to cracking. From this point to

"- the end of the interval (4 '84 coverages) the deterioration or loss in SCI
will be tht same as on the unadjusted C0 - C line for the interval. For

this specific example, there are only five more coverages in the interval,
thus resulting in the loss of only a fraction of the point in the SCI; how-
ever, this can be ignored. During all following intervals the deterioration
will be the same as the interval's original C0 - CF line during their

respective traffic levels until SCI value of zero is reached. This is illus-
trated in Figure 3>. Once cracking is predicted to start in the overlay, the
loss of SCI in this example over the 1,868 coverages of interval 3 will be the
same as the loss of 3-I for the first 1,868 coverages past C0  for inter-

val 3. This brings the SCI of the overlay to 27 at the end of interval 3 or
at 6,852 total coverages. Between 6,852 and 10,870 coverages the loss of SCI
will be determined from the C0 - CF relation for interval 4. As shown in

Figure 35, the SCI goes from 27 to 0 after 582 coverages in interval 4.
Therefore, the composite overlay will reach the SCI value of 0 after another
582 coverages or 7,427 coverages total.
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Table 21

Example Overlay Damage Calculation Test Section A 2.7-60

Applied Overlay Damage Adjusted
O~~~yTraffic, C C f C

Interval Traffic i o f Co,i+1

0 0-2097 2,097 11,254 0.186 11,254

1 2,097-3,579 1,482 4,881 0.373 3,973

2 3,579-4,986 1,405 2,233 overlay cracks 1,400

3 4,984-6,852 1,868 1,030 ....
4 6,852-10,870 4,018 452 ....

5 10,870+ -- 97 ....

DESIGN RFQUIREMENT

The composite overlay deterioration is shown in Figure 36. The overlay
begins to structurally deteriorate after 4,979 coverages and reacl1s an SCI
value of zeyo after 7,427 coverages. If the overlay must carry more traffic
than this, another thicker trial overlay thickness must be selected and the
procedure must be repeated.

Figure 36 also shows the deterioration that would be predicted if crack-
ing in the base slab was neglected. This is simply the behavior described by
the C and CF performance factors for interval 0 in Table 21. Including

the effect of progressive deterioration of the base slab greatly reduces the
* predicted performance of che overlay.

"ISUMMARY

* The proposed overlay design procedure is analytically more powerful than
the LXIsting empirical design procedures. It is able to include the effects
of varvino material propertins In the overlay structure, it accounts for past
traffic and the condition of the base pavement at the time of overlay, it
Includes the effects of progressive cracking in the base under overlay traf-

'4 fic, and it predicts deterioration of the pavement in terms of SCT. The pro-
posed overlay design procedure will be used in the following sections to
analyze the CP overlay test section data, and it will be compared with exist-
Ing methods of design.
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ANALYSIS OF CE OVERLAY TEST DATA

TEST SECTION DATA

The CE tested 24 test items of rigid overlays over rigid base pavements.
Table 22 is a summary of these tests. Twenty-three tests were unbonded over-
lays, four were partially bonded, and one was fully bonded. The quality of
the data collected from these tests varied.

The unbonded test sections in Lockbourne No. I test used a nominal
3/4-in.-thick bond breaking layer of sand asphalt. Test Items A 2.7-60
through C 2.7-66S used a cutback asphalt cement, and Item L 1.5-60 through
M 2.7-60 used an emulsified asphalt cement. The sand asphalt made with these
binders did not cure adequately. When the pavement was trafficked, the sand
asphalt pumped out of joints, and cracks were still soft when the overlay
slabs were removed at the end of the tests. This pumping and softness of the
sand asphalt bond breaking layer undoubtedly resulted in forming voids under
the overlay slabs causing premature failure in the overlay. Consequently, all
of these slabs would be expected to fail sooner than predicted by the models
developed earlier. The Lockbourne No. 2 test items all had free joints with-
out load transfer. Adjustment to the calculated stresses for load transfer

* has to be made for these overlays.

No final report was written for the Sharonville tests. Consequently,
the data on performance of the test sections are very limited. No performance
data were reported for Items 21 and 22. Items 23 through 28 were identified
as not failing or were failed at the same stated coverage level. The SCI
value of such a failure cannot be calculated from the limited available data
but could be expected to be in the range of 55 to 80 as indicated in Table 6.
Unpublished field records provide additional detailed descriptions of the
performance of Items 69 and 70. The proposed design procedure will be used to
analyze the CE overlay test sections, and the predicted overlay performance
will be compared with the observed performance.

UNBONDED OVERLAYS

In Table 22 there are 19 unbonded overlay test items. The best recorded
data exist for the Lockbourne Nos. I and 2 tests; however, the 10 unbonded
test items from these tests could not be analyzed. As mentioned previously,
the 3/4-in.-thick bond breaker in Lockbourne No. 1 did not cure properly,
thus, the unbonded overlays all failed prematurely. Consequently, no meaning-
ful comparison between predicted and observed behavior could be made. The
Lockbourne No. 2 test items without load transfer were analyzed separately in
another section. The remaining nine test items are all from the Sharonville
tests. Items 21 and 22 have no recorded performance data. Items 23 and 24

S~47
did not fail after 22,000 coverages of traffic according to Mellinger , who
also gave coverage levels at which Items 25 through 28 and 69 failed. The

minutes of the meeting of the board of consultants54 contain a diagram showing
the progression of cracking and spalllng for Item 69. No other data on the
performance of these test items have been located.
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Data on the subgrade for Items 23 through 28 were reported in the min-
53

utes of a meeting of the board of consultants . The original subgrade was
constructed at a nominal CBR of 3 to 4, but despite spraying the subgrade sur-
face with an asphalt membrane, some unspecifiec amount of subgrade drying did

S~47
occur. Mellinger carried out his analysis of these test sections using a

low modulus of subgrade reaction k value of 50 lb/in.2/in. comparable with

the constructed moisture content. An analysis by Monismith, Yuce, and Finn 5 0

used a higher k value of 125 lb/in. 2/in. which is representative of a condi-
tion where some drying occurred in the subgrade. Because of the uncertainty
over the appropriate subgrade condition, two analyses were run for Items 23
through 28. Ore analysis used an elastic modulus of 12,800 psi for the sub-

grade, which is equivalent to the k value of 125 lb/in. 2/in. used by

Monismith, Yuce, and Finn50 according to the relation between k and the mod-
59

ulus values reported by Parker et al. . The second analysis used the average
* CBR values at the surface and 6 in. below the surface as the subgrade was

originally constructed 53. The elastic modulus was estimated using the rela-
* tion that the elastic modulus is approximately equal to 1,500 multiplied by

the CBR. These two modulus values bracket the range of expected subgrade con-
ditions expected for these test items.

Concrete strength varied considerably for Item 69. Concrete flexural
strength averaged 710 and 770 psi on the east side of the test item for the
overlay and the base pavements, respectively. It averaged 825 and 615 psi on
the west side of the test Item for the overlay and the base pavements, respec-
tively. One analysis for this item used the average flexural strength of all
concrete placed in the overlay (770 psi) and the average strength placed in
the base pavement (690 psi). A second analysis used the lowest flexural

* strength in the overlay (710 psi) and the base pavement (615 psi).

The performance of each test item overlay was predicted using the pro-

posed design procedures. No traffic was applied to the base pavements prior
to the placement of the overlay. The results of these predictions are shown

in Figures 37 to 43. Each figure shows the failure reported by Mellinger47

which is estimated from Table 6 to have occurred at an SCI value between 55
* and 80. Also, the coverage level at which the base slab would be predicted to

begin deterioration or cracking is shown for Items 25, 27, 28, and 69. The
overlay was predicted to start deterioration before the base slab cracking for
Items 23, 24, and 26.

Items 23 and 24 did not fail with up to 22,000 coverages of traffic, and
Figures 37 and 38 show agreement with this result for the higher of the two

i . subgrade elastic moduli. Item 26 In Figure 40 also shows good agreement with
the reported failure coverage level for the higher subgrade modulus value.

3Predictions for Items 25 and 28 in Figures 39 and 42 bracketed the reported
failure levels. Predictions for Item 27 and 69 In Figures 41 and 43 were all

"* too high. Figure 43 shows the SCI deterioration of Item 69 calculated from
the cracking and spalling reported in the minutes of the meeting of the board

54
of cutsultants . There wan some cracking at fairly low levels of traffic,
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Figure 43. Performance of Item 69

which was apparently eiscounted by Mellinger47 In selecting his failure level
of 4,000 coverages. If this early cracking is ignored in the computation of
the SCI, Mellinger's failure level and the SCI computed from the minutes of
the board of consultants are In good agreement as seen in Figure 42. Table 23

"0 shows the predicted coverage levels at which the SC! reached 70 for each test
item. Except for items 27 and 69, the predicted performance is in reasonable
agreement with the observed performance.

The traffic in Items 23, 24, and 26 would not be predicted to have
caused deterioration in the base pavement, and no reduction was made in the
base pavement modulus value in calculating the deterioration of the overlay.
As shown in Figures 37, 38. and 40, the predicted deterioration in these items
agreed well with the observed performance for the higher subgrade modulus val-
ues. Thus, the performance models developed are considered adequate for pre-
dicting the performance of an unbonded overlay using layered elastic theory.

The use of a reduced cracked base slab modulus at different levels of
"traffic for Items 25, 27, 28, and 69 was less successful. Predictions of per-
formance for Items 25 and 28 gave reasonable agreement with the observed
behavior, but the traffic predicted to cause deterioration in Items 27 and 69
was higher than observed in the test items. The inclusion of the reduced
cracked slab modulus in the analysis greatly reduces the traffic required to
cause deterioration in an overlay. This effect is shown in Table 24 where
"falure to include the reduced modulus for cracked base slab in the analysis
results in greatly overpredicting the overlay traffic until deterioration
starts. In the extreme example of Item 28 with the higher subgrade modulus,
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Table 23

Comparison of Predicted and Observed Performance of

Unbonded Overlay Test Ttems

Test Predicted
Ttem Failure Coverage Level Observed Failure

23 1 4 , 70 0 a- 3 9 , 5 0 0 b at 22,000 unfailedc

24 19,00oa-71,500b at 22,000 unfailedc

25 8 , 2 00a- 4 5 ,000b 18,500c

26 4 3 5 a-1, 3 8 0 b 1,200c

27 7 0 0 a_3, 1 0 0 b 250c

28 1 4 5 a- 6 4 0 b 230c

69 6,500d-24,000e 2,400f-4,000c

a Coverage at which SCI is 70 in Figures 37 through 42 for lower subgrade E

bvalue.Coverage at which SC! is 70 in Figures 37 through 42 for higher subgrade E
value.

CCoverage level at which SCI Is 70 in Figure 43 for low concrete flexural

dstrength values.
Coverage level at which SCI is 70 in Figure 43 for average concrete flexural
strength values. 4

•Failure level reported by Mellinger
"Coverage at which SCI is 70 based on cracking and spalling as reported by

Ohio River Division Laboratories 5.

Table 24

Effect of IncludinE Base Slab Crackingon Predictions of

Overlay Deterioration

Subgrade Predicted Onset of Deterioration, C0  Reported
Item Modulus With Base Cracking M M ithutBase Cracking Failure

25 Lower 7,523 28.596 18,500
25 Higher 40,426 92,751 18.500
27 Lower 609 1,186 250
27 Higher 2,5%6 36701 250
28 Lower 134 81,694 230
28 H•gher 615 253,128 230
69 Average 23,076 3,326,121 4,000

69 Lowera 6,297 812,257 4,000

a For Item 69, average and lover flexural strength were variables rather than

subgrade elastic modulus.
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the traffic, until deterioration starts, is three orders of magnitude above

the reported failure of the test item. The effect of including the cracked
slab in the analysis is shown graphically in Figure 44 for Item 25.

ITEM 25

LEGEND

0 ES 4.900 L81N10"80 1S "2.800 LB/1N. TST 0• ,,• •TEST

ITEM

FAILED

600

I 0 0, 0

40 L %

'U'0

0 IýA0

• '.., T 0

-Figure 44. Effect of cracked modulus on predicted
performance of Item 25

IThe importance and validity of including a reduced modulus to represent
6 cracking cf the base slab at different intervala of traffic are strongly sup-

ported by the results of the Ar1lysts of Items 25, 27, 28, and 69. Hlowever,
A• the mixed success of the predictions ralsed the question of whether the

A cracked slab model ia adequate. The three data points in Figure 26 that lie
above the suggested AASWITO relation pull the origikial equation for the E-ratio
upward. Figure 45 shous a revised E-ratio etuation which, neglecting these
three points. shows 4ubstantial agreement with the remaining data and the sug-

"Rested AASHTO relation and which predictg a more rapid reduction in the
"cracked slab modulus as the OCI decreaseA.

•.01 This reviced equation was used to predict the overlay deterioration of
S. Item 25 and 69. It reduced the onnot of deterioration for Item 25 with the

higher modulug guhgrade from 40.426 coverages to 38.872 coverages. For
Item 69, It reduced the onset of deterioration using the low flexural .strength
values from 6,297 coverage5 to 5,857 coverages. These changes do not appteci-
"ably Improve the agreement with the reported failures of 18,500 and 4.000 cov-
erages. The use of a reduced modulus for cracking in the base slab greatly
accelerates the predicted onset of cracking in the overlay, but it is tint very
sensitive to the precise foram of the equation. Consequently, the original
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equation for predicting the E-ratio should remain using all of the data
points.

Only 7 of the 19 unbonded overlays tested by the CE could be analyzed.
Analysis of these seven overlay test items shows that predictions of perfor-
mance are sensitive to the quality of the input information, Uncertainty over

, appropriate subgrade modulus of el3sticity values and concrete flexural
strengths and lack of detailed performance information on the test items hin-
dered the analysis. Test Items 23, 24, and 26 gave good agreem:ent between
"predicted and reported performance when the base slab was not predicted to
crack. Thus, the layered elastic analytical model can be used with the rigid
pavewent performance models to oredict performance of unbonded overlays that
are supported by intact base slabs. The concept of using a reduced modulus
for the base slab as it deteriorates under traffic was shown -in the analysis
of Items 25, 27, 28, and 69 to greatly reduce the predicted performance of the
overlay. Without the use of this reduced modulus for the base slab, predic-
tions of overlay deterioration are greatly in error. Using the reduced modu-
lus for the base slab, an analysis of Items 25 ard 28 gave good agreement
between observed and predicted performance, but the analysis of Items 26
and 69 overpredicted the performance of the overlays. Overall performance of
the seven test items support the general concept of using the layered elastic
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model to analyze unbonded overlays. The models for predicting the performance
of rigid pavements and for evaluating the cracked slab modulus gave reasonable
results.

PARTIALLY BONDED OVERLAYS

Figure 3 shows the 12 data points that were the basis for the partially
bonded overlay's 1.4 power used by the CE in their overlay design equation.
Only four of these pcints are shown in Table 22. The remaining data points
were reinforced concrete overlays. The presence of steel reinforcing in con-
"crete pavements does not delay the onset of cracking in the pavement but
changes the pattern of cracking and delays spalling and raveling. The CE used
spalling of the load induced crack rather than cracking alone to define fail-

63,61
ure of reinforced pavements . In Figure 3, the CE empirical relation
between the required pavement thickness of reinforced concrete to fail by
crack spalling and the pavement thickness of plain concrete required to fail
by cracking were used to convert reinforced test sections to equivalent thick-
nesses of plain concrete. Since reinforced pavement performs differently from
plain concrete, it cannot be analyzed with the models developed in this study.

Consequently, only the four partially bonded test items shown in
i' Table 22 were analyzed. Of these four test items, traffic for Item G 12-14-

100 in the Lockbourne No. 2 test series crossed free slab edges with no load
transfer and is discussed in a separate section.

Crack maps of test Items D 2.7-66, E 2.7-66M, and F 2.7-80 were provided
51at 24, 98, 138, and 712 coverages of a 60,000-lb wheel load . The SCI uf

each test item was calculated at these coverage levels, and the performance
was predicted using the layered-elastic analytical model and cracking in the
base pavement with various amounts of friction between the overlay and the
base pavement. These results are shown in Figures 46, 47, and 48. The BISAR
computer program expresses the bond between layers with a K factor. The
"fully bonded case is represented by a K of 0, the unbonded case by a K of
1,000, and intermediate bond cases between these extremes use values between 0

* and 1,000. The assumptions for the various bond cases for the BISAR program
were discussed earlier in this report.

)For each test section, tCe amount of slip or friction between the over-
lay and the base pavement greatly affects the predicted amount of traffic the
test section can withstand. For test Item D 2.7-66, the predicted onset of
deterioration C0  increases from 76 coverages for the unbonded case to

1,592 coverages for the fully bonded case. The effect of varying the friction
rate K is not linear, and it becomes more pronounced as the fully bonded
case is approached. Going from a K of 1,000 to a K of 750 only changed
the predicted onset of deterioration from 76 to 95, whereas the change from a
K of 250 to 0 changed the predicted onset of deterioration from 262 to
1,592 coverages.

"•t 'Only Item D 2.7-66 provided more than one coverage level where the SCI
*• was not 100. The two points that are less than 100 do not fit the performance

model for concrete pavements and do not show the steep deterioration of the
unbonded overlay in Item 69 and Figure 43. With very limited data available,
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" ~it is impossible to ascertain with certainty what form the overlay deteriora-
S~tion takes. However, the overlay deterioration models as calculated are rea-

sonable, representing increased rates of deterioration as the base slab
• support decreases. In Item D 2.7-66, the sharp deterioration in the SCI value

from 100 at 98 coverages to 78 at 138 coverages is consistent with the models.
l• Similarly, the sharp deterioration of Item 69, once deterioration starts, sup-

S.....ports the models. However, there is no explanation available for the initial
cracking in Item 69 or for the slow deterioration between 138 and 712 cover-

_____ages for Item D 2.7-66. Whether these discrepancies are caused by factors not
_____adequately modeled in the analysis or whether there are unreported construc-

tion, material, or testing variations that contributed to this performance
•=•.,cannot be resolved from the limited available information. Overall these

•. models appear to give reasonable results, but more data are needed to verify
them.

Figures 46 through 48 show that the K value that gives the best agree-
ment with the deterioration data varies from about 640 to 930. If all three
test items are averaged, the K value is about 750, or if only Items E 2.7-66
and D 2.7-66 are averaged, the K value is about 660.

FULLY BONDED OVERLAYS

Item 70 of the Sharonville Heavy Load Tests was an 11-in, overlay bonded
to a 17-in. base pavement. The base pavement concrete was acid etched with
hydrochloric acid and thoroughly washed. Then a portland cement grout was
used to bond the overlay concrete to the base concrete. This test item had

124



-N the same variations in flexural strength discussed earlier for the unbonded
overlay test Item 69.

The base pavement had keyed longitudinal construction joints. The
bonded overlay used doweled longitudinal construction joints over the base
pavements keyed joints. Under traffic, cracking and spalling began almost
immediately over the dowel bars. Despite periodic patching the test item was
considered beyond salvage after 8,000 coverages.

Predictions of the fully bonded overlay performance using the layered
elastic model exceeded actual traffic regardless of what combination of low or
average flexural strength results was used for the overlay and the base pave-
ment. The only deterioration reported in the test item was associated vrith
the dowel bars, and no concrete fatigue related structural deterioration
occurred.

A fully bonded overlay and base slab are essentially a monolithic struc-
ture. The layered elastic analysis can account for differences in modulus
values and flexural strengths between the overlay and base pavement as well as
for previous traffic fatigue damage on the base pavement. However, the value
of this analysis ability for a fully bonded overlay is moot since an adequate
load transfer construction joint cannot physically be built. For this reason,
the CE and most other agencies require fully bonded airfield overlays to be
between 2 and 5 in. thick, and their use is restricted to correction of sur-
face smoothness or deterioration. The use of fully bonded overlays for struc-
tural upgrading of airfields requires development and testing of new construc-
tion joints. Dowels have proven unsuccessful in fully bonded overlays, and
the weaker keyed joints probably will perform even more poorly. Consequently,
some new method of providing load transfer across the construction joint in a
fully bonded overlay must be developed.

OVERLAYS WITHOUT LOAD TRANSFER

The four test Items F 12.14-100, G 12.14-100, L 14.14-80, and M 14.14-80
in Table 22 were excluded from analysis earlier because of the substandard
load transfer of the slab joints. Item F 12.14-100 was bounded by three
free joints and one premolded joint-free expansion and had a contraction joint
that divided the item into two slabs. Item G 12.14-100 was the same except
one free joint was replaced with a keyed joint. Items L 14.14-80 and
M 14.14-80 were separated from one another by a keyed joint and consisted of
one slab each. The remaining joints for each slab were a free joint, a pre-
molded joint-free expansion, and a plain butt joint. In all four test items,
deterioration began as corner cracking associated with the joints that were
not capable of providing load transfer to adjacent slabs. Analysis of these
test items has to include the effect of these nonstandard joints.

Item G 12.14-100 was a partially bonded overlay, and the friction fac-
tor K in the BISAR program was set at 750 for the analysis. All of the
other items were utibonded. These test items were constructed between
28 October and 25 November 1944. Although the same nominal concrete mixture
was used for all construction, 28-day flexural strengths ranged from 570 to

915 lb/in.2 Although the quality of concrete varied considerably, no differ-
entiation was made between the base pavement and overlay concrete in each item
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even though they were placed on different days. Consequently, the analysis of
these test items is hindered by the lack of accurate data on the concrete.
The modulus of elasticity and the flexural strength that are tabulated in
Appendix D were from field cured samples for each item.

Table 25 compares the predicted performance of these four test items
with the actual reported performance. All of these test items had relatively
thick overlays, and the overlay began deterioration before the base pavement.
The increase in stress for no load transfer from Figure 30 caused major reduc-
tions in the predicted start of deteriorations C in the overlay. These

reductions are typically one or two orders of magnitude, but even so, the pre-
dicted performances with no load transfer are still about an order of magni-
tude larger than the actual performance.

Table 25

Performance of Test Items with Substandard Load Transfer

Predicted Performance
Normal

Load Transfer No Load Transfer Actual
•!:Co CO Performance

Item 0 SC_ 0 SCI Coverage SCI

F 12.14-100 7,042 100 383 100 10 71

63 45

1,000 11

1,430 0

G 12.14-100 219,000 100 5,091 100 370 100

887 71

1,430 50

_ L 14.14-80 20,650 100 858 100 5 58

1,000 0

M 14.14-80 6,908 100 377 100 36 58

887 0

The increase in stress for substandard joints in Figure 30 greatly
reduces the predicted performance of the overlays. However, the four test
items all deteriorated much more rapidly than predicted. The quality of the
available material data on the concrete is poor, and the value of any predic-
tions based on it is uncertain. The available data are inadequate to allow
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evaluation of the load transfer multiplier. Tiaa multiplier greatly reduces
the predicted performance of the overlay, but better performance data are
needed to determine if the data are adequate.
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EVALUATION AND COMPARISON OF OVERLAY DESIGN PROCEDURES

DESIGN METHODS

* iThe primary method in engineering practice today of determining the
required rigid overlay thickness for airfields is the empirical CE equation.
The required overlay thickness is a power relationship between the difference

*I in the existing base pavement to be overlaid and the new equivalent pavement
that would be required to support the design traffic if no base pavement
existed. Differences in bond condition between the overlay and the base pave-
ment are handled by adjusting the power used in the equation. Cracking in the
base pavement before overlay and differences in flexural strength of the over-
lay and the base pavement are included in the analysis by adjusting the base
pavement thickness.

The design method proposed in this study uses a layered-elastic analyti-
cal model to calculate stresses in the base pavement and the overlay. Deteri-
oration of the base and the overlay in terms of the SCI is predicted using the
relationships discussed earlier in this report. This deterioration is a func-

*• tion of the calculated stresses, the flexural strength of the concrete, and
the number of stress repetitions or coverages of traffic. As the base pave-
ment deteriorates, its support to the overlay is reduced, and this loss in
support is represented by reducing the concrete modulus value of th2 base
pavement.

The major differences in the two design approaches are summarized in
Table 26. In order to evaluate these two design approaches comparative
designs were prepared in the following section for a variety of design
conditions.

EVALUATION

TEST CASES

The empirical power equation for overlay design uses the thickness of an
equivalent new pavement to support the design traffic as input to calculate
the overlay thickness required over a given thickness of base pavement. The
equivalent thickness must be determined from some existing concrete pavement
design procedure published by the CE, the US Navy, the FAA, or the Portland
Cement Association. Any resulting overlay design will include all the assump-
tions and criteria of the basic design procedure used to calculate the equiv-
alent thickness.

In order to evaluate the power equation and compare it with the proposed
layered-elastic design procedure, the same criteria must be used to determine
the equivalent thickness for the power equation and for the layered-elastic
procedure. For this analysis, both procedures use the onset of deterioration,
as determined by C0  for the design performance criteria. The equivalent
thickness input for the power equation is the thickness of pavement that
develops stresses as calculated by the layered elastic theory for a given
design load that will reach the onset of deterioration C 0  at the design cov-
erage level. In this way the power equation can be compared with the proposed
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layered-elastic design approach without introducing other limitations from
established design procedures such as beam fatigue relationships versus field
test relationships, Westergaard edge loading versus Westergaard interior load-
ing, and reductions in thickness for high-strength subgrades.

A matrix of possible design variables is shown in Tables 27 and 28. The
four aircraft shown include single, twin, and twin-tandem wheeled main gears.
Their design characteristics are shown in Table 29. Soil modulus of elastic-

ity values in Table 27 varies from 4,000 to 50,000 lb/in.2 representing poor
to good subgrade support. Design coverage levels vary from 10,000 to 250,000.
As discussed earlier, the criterion for this comparison between the CE overlay
equation and the proposed design method is reaching the calculated value of
C 0 at the specitied design coverage level. The modulus of elasticity for

0 2
concrete varies from 4 to 5 million lb/in. . The thickness of existing base
pavement varies from 0.25 to 0.75 of the equivalent new pavement. In the cal-
culations, no base pavement thickness was allowed to go below 4 in. since
pavements less than 6 in. are seldom encountered, and a thickness below 4 in.
would have little physical meaning.

This variation in design parameters covers the spectrum that could be
*I expected. Twelve specific cases were selected using random numbers for analy-

sis as shown in Tables 27 and 28. During the analysis two additional cases,
3A and 8A in the tables, were added to include a single-wheeled main gear air-
craft at the 0.75 base thickness and another multiwheeled main gear aircraft
at the intermediate 0.4 to 0.6 base thickness. Other than these restrictions
all of the remainder of the design parameters were selected randomly for these
two cases. Table 30 shows the distribution of these design parameters in the
14 specific cases analyzed.

The modulus of elasticity of concrete and the modulus of rupture or
flexural strength are not independent. Therefore flexural strength was not
used as a variable in Tables 27 and 28. However, there is no single, specific
relation between concrete modulus of elasticity and flexural strength because
concrete modulus varies depending on the aggregate and mix proportions used in
the concrete. The modulus of elasticity for concrete is commonly estimated as

E = 57,000 IF (49)

where

E c-modulus of elasticity of concrete, lb/in. 2
c

compressive strength of concrete, lb/in.c
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Table 29

Aircraft Characteristics

Aircraft
F-4C B-727 C-141 B B-747

Main gear type single twin twin-tandem twin-tandem

Spacing (in., -- 38.2 32.5 x 48 44 x )8

width x length)

Wheel load, lb 25,000 44,000 40,800 47,000

Tire contact area, in. 2 100 238 208 219

Contact pressure, lb/in. 250 185 196 215

Equivalent radius, in. 5.64 8.70 8.14 8.35

Also, flexural strength is commonly estimated from the compressive strength as
'b,

R - K /V (50)
1 c

where

R - flexural strength or modulus of rupture of concrete in lb/in.

K a a constant varying from 8 to 10
I

A variety of different modulus of elasticity and corresponding flexural
strength values can be calculated from these relations. For this analysis
intermediate values in the possible range of calculated values were used.

Concrete with a modulus of 4 million lb/in.2 wts estimated to have a flexural

strength of 600 lb/in. 2 and concrete modulus of elasticity values of 4.5 and

5 million lb/in. 2 were estimated to have flexural strength values of 700 and

800 lb/In. 2 respectively. Poisson's ratio for all concrete was assumed to be0.15.

The Poisson's ratio for soil was assumed to vary depending on its
modulus of elasticity. Soil modulus of elasticity values of 4,000 and

10.000 lb/in. was considered representative of cohesive soils, and a
Poisson's ratio of 0.4 wab used for these soils. Modulus of elasticity valuesS~2
of 35.000 and 50,000 Wbin. 2 as representative of good quality cohesionless
materials, and a Poisson's ratio of 0.3 was used with them. The soil with a

modulus of elasticity of 20,000 Win. was considered to be an Intermediate
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Table 30

Distribution of Design Parameters

Percent
Number of

in Total
Design Parameters Value Sample Cases

Aircraft F-4C 3 21

B-727 5 36

C-141 4 29

B-747 2 14

Design coverage levels 10,000 3 21

25,000 2 14

50,000 4 29

75,000 3 21

100,000 1 7

250,000 1 7

Soil modulus, lb/in. 2  4,000 2 14

10,000 4 29

20,000 2 14

35,000 4 29

50,000 2 14

Concrete modulus for 4.0 x i06 4 29

overlay, lb/in. 2  4.5 x 106 7 50

5.0 x 106 3 21

Concrete modulus for 4.0 x 106 3 21

base pavement, lb/in. 2  4.5 x 10 5 36

5.0 x 106  6 43

Thickness of base pavement 0.25 4 29

"hbase/hequlvalent 0.40 2 14

0.50 1 7

0.60 3 21

0.75 4 29
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A

soil such as a sandy clay, silty sand, or silty gravel. A Poisson's ratio of0.35 was used for this soil.

For any case in Tables 27 and 28, the design factor required so that the
onset of deterioration C will be reached at the design coverage level can

% 0
- be determined from the following equation developed by substituting the case's

required design coverage level for CO :

.DF =flexural strength . 0.5234 + 0.3920 log C (51)
calculated stress 0 (1

The equivalent slab is defined to have the same concrete properties as the
overlay concrete for the specific case to be overlaid. For that case's flex-
ural strength, an allowable stress level can be determined from the required
design factor.

An iterative series of layered elastic calculations determined what
thickness of equivalent pavement is needed to match this allowable stress

* level for a specific case's loading, overlay concrete properties, and subgrade
properties. In all calculations an artificial stiff layer with a modulus of
I million and a Poisson's ratio of 0.5 was placed at a depth of 20 ft as

59
recommended by Parker et al.

Once the equivalent slab thickness is determined, the thickness of the
base pavement is set since each case's base thickness in Table 28 is defined
as a proportion of the equivalent slab thickness. As mentioned, no base slab
was allowed to be less than 4 in. regardless of the proportion shown in
Table 28. Once the equivalent slab and base slab thicknesses are determined,
the CE nverlay thickness can be determined from the power equation.

The required ovorlay thickness by the proposed design method using the
layered-elastic analytical model follows the same analysis technique as was
outlined previously. A series of trial overlay thicknesses is analyzed for a
czIse's specific loading, base thickness, and material properties until an
overlay thickness is found that reaches C0 at the specific case's design

coverage level. If the base pavement does not reach its C deterioration

value within the case's design coverage level, the overlay thickness is deter-
mined simply from t!:, C0 value calculated from overlay stresses with full

support from the base slab. If. however, the base slab reaches its C0

before the design coverage level, the traffic is divided into intervals, and
deterioratton of the overlay in each interval is calculated with the reduced

V÷ base support. Trial overlay thicknesses are analyzed until the C in the

overlay including the reduced support of the base pavement is reached at the
design coverage level.
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UNBONDED OVERLAY

Table 31 shows the results of these calculations for unbonded overlays
for the 14 cases in Tables 27 and 28. Invariably, the required overlay
thicknesses by the proposed design method are smaller than those calculated by
the CE power equation. Figure 49 shows the thicknesses calculated using the
proposed design approach with the CE unbonded design equation. The CE
equation serves as an effective upper bound for the proposed design method
solutions. As shown in Figure 5, there are distinct separate regions where
stress in the overlay and base control. These regions are apparent in Fig-
ure 49 and also in Figure 50 where the ratio of base modulus of elasticity to
overlay modulus of elasticity is included in the figure. This ratio reflects
a difference in flexural strength as well as modulus values. In the region
where cracking in the base occurs under the design traffic, the modulus ratio
in Figure 50 shows a trend that increases modulus ratio. Increasing base mod-
ulus and flexural strength relative to the overlay's values result in a
decrease in overlay thickness. This trend is not true of the cases where the
base did not crack.

In Figure 5 it was shown that the equal rigidity definition of an equiv-
alent slab resulted in an upper bound solution when compared with those defi-
nitions of an equivalent slab using stress in the overlay or base as the
criteria for defining the equivalent slab. Similarly, the CE equation in Fig-
ures 49 and 50 serves as an upper bound for the solutions from the proposed
design method.

PARTIALLY BONDED OVERLAYS

The analysis was repeated for seven of the cases in Table 31 for par-
tially bonded overlays. Variation of the partially bonded interface K con-
dition between 660 and 750 for four cases resulted in negligible changes in
required overlay thickness. Changes varied from 0 to 0.2 in. Consequently, a
K of 750 appeared to be appropriate for representing the partially bonded
overlay conditions. Results of the overlay design for partially bonded condi-
tions are shown in Table 32. Unlike the unbonded condition, the CE partially
bonded equation is not an upper bound for the proposed design approach
solutions.

Table 33 shows a comparison of the CE and the proposed design overlay
requirements for both the bonded and partially bonded cases. Including the
increased friction of partially bonded overlays in the analysis results in a
decrease in required overlay thickness using the proposed design approach.
However, this decrease is relatively small, 1 to 7 percent for these cases.
The CE partially bonded equation reduces the required overlay thickness from 8
to 32 percent.

Figure 51 shows the unbonded and partially bonded overlay thicknesses
calculated using the proposed layered elastic based approach, the CE test sec-
tion data from Figure 3, and the CE design equations. The CE partially bonded
equation with the 1.4 power serves as a visual best fit relation for all data
regardless of bond condition, and the unbonded equation with the 2.0 power
serves as an upper bound. The effect of increased friction between the over-
lay and the base is beneficial- however, this effect appears to be relatively
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Figure 51. Comparison of unbonded and partially bonded
overlay designs

small compared with other effects such as relative modulus values, strength,
and loading conditions. The layered elastic model is much more powerful than
the power equation for evaluating these effects; however, the CE unbonded
overlay equation is an effective, simple, design method, but it is conserva-
tive. The use of the partially bonded overlay equation is not conservative;
it does not adequately reflect the interaction of the various design param-
eters, and consequently, its continued use appears questionable.

COMPARISONS

The CE and the FAA airfield design methods have a common basis, but they
differ in a variety of details such as definitions of traffic areas, thickness
reduction for high-strength subgrades, and use of design factors versus per-
cent standard thickness fatigue relationships. The WES computer programs
RAD611 and R6IIFAA were used to develop designs for the 14 cases in Tables 27
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and 28. These programs were developed specifically to be usable on IBM com-
patible microcomputers, and these programs are presently undergoing evaluation
in CE Division and District offices as well as FAA Regional offices. The pro-
gram RAD611 is an interactive program designed to follow the new Army and
Air Force airfield rigid pavement design manual scheduled for printing and
distribution in the fall of 1987. Similarly, R611FAA follows the existing FAA
design guidance except that the adjustment for differing flexural strength in
the base and the overlay is included in the computer program, although it is

79
not in the published Advisory Circular

The proposed design approach using the layered elastic model attempts to
-- predict performance of a pavement in terms of the SCI. Some design perfor-

mance levels must be selected to use with this approach to compare its
required pavement thickness with the thicknesses determined for the CE and FAA
approaches. The performance level used for this comparison will be the onset
of deterioration C

0

boddTable 34 shows the results for equivalent slab, unbonded, and partially
bonded overlays determined by the proposed layered elastic based approach, the
CE RAD611 program, and the FAA R611FAA program for the 14 cases in Tables 27
and 28. The subgrade modulus of elasticity values in these cases have to be
converted to modulus of subgrade reaction values for use with Westergaard
model based solutions. This conversion was made with the relation proposed by

59Parker et al. The subgrade modulus elasticity values of 4,000, 10,000,

20,000, 35,000, and 50,000 lb/in.2 was estimated to be equivalent to modulus

of subgrade reaction values of 50, 103, 177, 274, and 361 b/in. 2/in.

The proposed design method allows somewhat thinner equivalent slab

thicknesses and appreciably thiniter unbonded overlays. The proposed design
method's added interface friction for partially bonded overlays does not
reduce the overlay required thickness appreciably from the thickness required
for unbonded overlays. However, both the CE and FAA design approaches greatly
reduce the required overlay thickness for partially bonded overlays. In most
cases, the partially bonded overlay thickness for these two approaches are
approximately equal to the proposed design method's unbonded overlay thick-
ness. Again, the partially bonded overlay equation is a best fit to data,
whereas the unbonded overlay equation is a conservative upper bound. Since
the partially bonded overlay equation is not always conservative and it cannot
model the interactions of different parameters such as overlay and base modu-
lus of elasticity values and load configuration, its continued use is not
justified.

Figure 52 shows the results of the equivalent slab and unbonded overlay
thicknesses for three design approaches. The FAA approach requires thinner
pavements than the CE approach. The proposed design approach usually results
in thinner equivalent slabs and always in thinner overlays. The criterion

proposed by Parker et al.59 for use with the layered elastic model is shown
with the proposed design method's relations for C and C F in Figure 12.

4A 57
For any given coverage level the Parker et al. criterion requires a lower
design factor than does the relation for CO . Consequently, their criterion

143

A~



Table 34

Comparison of Overlay Design Procedure Results

Design Procedure Thickness, in.
Proposed
Approach CE FAA

h h h h h h h h h
Case Aircraft eq u _p eq u _p eq u p

1 F-4 8.5 7.3 7.2 9.2 8.2 7.0 .. .. ..

2 F-4 10.6 9.5 9.3 11.2 10.6 9.5 .. .. ..

3A F-4 10.0 4.9 -- 10.8 6.0 7.0 .. .. ..

4 B-727 16.0 14.2 13.9 17.4 16.9 15.8 16.5 16.0 14.8

5 B-727 14.2 6.4 6.0 15.2 9.4 6.2 15.3 11.3 8.9

6 B-727 14.4 7.9 7.8 15.4 11.0 7.9 15.1 10.5 7.5

7 B-727 13.7 9.8 9.1 14.3 12.3 10.0 14.9 13.0 10.7

8A B-727 17.5 10.9 -- 17.8 14.4 11.2 17.3 13.8 10.6

9 C-141 19.0 6.5 -- 19.2 10.6 6.6 .. .. ..

10 C-141 21.5 14.0 -- 21.0 18.8 15.8 .. .. ..

11 C-141 14.2 12.6 -- 15.3 14.8 13.6 .. .. ..

12 C-141 22.3 12.1 11.7 19.2 15.6 12.2 - - -

13 B-747 16.2 14.5 -- 17.1 16.3 14.8 16.2 15.4 13.8

14 B-747 19.6 11.5 -- 20.1 16.3 12.7 18.9 14.8 11.2

Note: h eq equivalent thickness.

h - unbonded overlay thickness.

h - partially bonded overlay thickness.
-- 4p

t/,p 144



24

THICKNESS

EQUIVALENT UNBONDED

22 SLAB OVERLAY

o * F-4 CE METHOD

6 A 6-727 CE METHOD

o C-141 CE METHOD

"20 - 8-747 CE METHOD

a B-721 FAA METHOD 0

a a B-747 FAA METHOD

18
w
LU

0
"I-

1-

S14 A

0

w0
0U

a0

A'

to 0•

S ,.0

8 4 t~114 lit 1

Vigure 52. Comparison of proposed CE and FAA designs

for use with the layered elastic model results In a thinner pavement than does
the proposed design method with CO at the design performance level.

The proposed desiRn method resulto in pavement thicknesses that are sim-
ilar to thope required by existng CE and FAA design methods.q Required over-
lay thtckne.ses by the proposed design method are appreciably thinner because
of the improved modeling of the base pavement and the overlay. The empiric al
unbonded overlay equation is a conservative upper bound to the proposed design
method.
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EFFECT OF PREVIOUS TRAFFIC

The previous sections have treated the base pavement as being intact and
undamaged by traffic before the overlay. As discussed earlier, traffic
applied to the base pavement before the overlay consumes a portion of its
fatigue capacity, and this effect has to be included in the analysis.

* For the specific parameters of case 5 in Table 31, a 6.4-in.-thick over-
lay is adequate to support 25,000 coverages of a B-727 before deterioration as
predicted using the relation for CO . This prediction assumes that there has

been no previous traffic. As discussed, a fatigue damage factor f could be
defined as

C = (52)
C0

where

f - a fatigue damage factor between 0.0 and 1.0

C - the equivalent traffic applied to the base

CO a the coverage level to cause the onset of deterioration in the base

In the previous analyses the base pavement has been assumed to be untraf-
ficked, and the fatigue factor was zero. Figure 53 shows the effect of,
including fatigue in the prediction, the performance of the overlay for
case 5. As fatigue from traffic before the overlay is increased, the pre-
dicted coverage levels before deterioration decrease. At a fatigue factor
value of 1.0, the base slab was about to start deteriorating before the over-
lays. Its deterioration with decreased support under the overlay traffic
reduces the number of coverages to reach C in the overlay by almost
one-half.

If the pavement has been cracked and is deteriorating at the time of the
overlay. its reduced support to the overlay has to be included in the analy-
sis. The existing CE overlay design equations use the condition factor in
Table 2 to account for the deterioration. In Figure 53 deterioration has been
calculated for the overlay in case 5 for CE condition factors of 0.75, 0.50,
and 0.25. The equivalent SCI values for these factors were estimpted from the
relationship in Figure 15 and were used to determine the initial cracked slab
effective modulus for the analyois. The effect of existing structural deteri-
oration in the base slab is very pronounced. Obviously, the inclusion of any
fatfgue or structural damage to the base pavement before the overlay has to be
an integral part of any overlay design.

As shown previously in Table 34 and Figure 52. the existing CF and FAA
design procedures result in thicker overlays. Figure 54 compares the pre-
dicted performance of the 6.4-in.-thick overlay required by the layered elas-
tic approach and the 9.4-in.-thtck overlay required by the CK design for
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Figure 53. The effect of fatigue and initial base slab cra cking on the
predicted performance of the case 5 overlay

. case S. The CE design without any consideration for fatigue or structural0condition of th base slab results in a predicted capacity about 20 times

.• greater thtan the required 25,000 coverages. Including the effect of fatigue
S~reduces this prediction to as little as a fourfold increase over the design

,. • coverage level. When the structural condition of the base slab before the
Y 4•vorlay is included in the CF design usin~g the condition factor. tile predicted

S• performance of the resulting design thickness falls between these two
S~extrem-ts. Although the CE overlay design procedure does not include previous
S~fatigue damage to the bage pavement.ot the method In sufficiently conservative
S~thnt 4dequate capacity is provi•ded. The additional overlay thickness required

by Ehe condition factors for caknintebase slab before the oelyalso

S~provides adequate capacity to exceed the design coverage level.

0 , i

iThe 53. The reffet f tieuverany thicknesl because of the condition

factor in t:he Ch overlay equation ia showti In Figure 55 along with rthe pre-
dicted performance of cases t, 5. and 7. Only in case 5 did the baoe slab
cudergo a decrease in support cwused by fctigtio. The thickness of the prve-
ment to support the dreqiegn traffic increased frcd 6.n to 7.e tIe, The effect of
toer str u c tural condition of the base sbab at th time of the overlay Is kn
to havec very significant nthrutie on the requiref bhicknetwe of overlay in
Figure 55. In the specific example of cse 5, thie required overlay thickness
almositdoule aa It c ent i rom 6.4 in. te 12.7 In. to account t kor the condi-
thoi of the base slab). As before. the CE overlay equataol with the condition
factor provtdes conservative results.
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method overlay ptrforMance for case 5

The proposed overlay design approach using the layered-elastic analyti.-

cal model results in thinner overlays than required by existing design
%• approaches. Because it attempts to predict performance and more closely
% models the pavement structure, the proposed layered-elastic design approach

requires much more accurate assessment of material properties and the struc-
turnl co"dition of the base pavement. Factors such as fotigue damage from
previous traffic that did not crack the pavement must be assessed if this
approach is to be used. The conservativeness of the existing empirical

Sapproach was suficient to allow these factors to be ignored previously. Tho
Stpdrtance of these factors is increased as the structural value of the base-• pavement increases.
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EXTENSION TO FLEXIBLE OVERLAY

The proposed design procedure for rigid overlays provides a framework to
consider flexible overlays as well as rigid overlays. However, the distress
associated with flexible overlays is different from rigid pavements, and the
proposed design procedure requires certain modifications and encounters more
limitations when used with flexible overlays.

BACKGROUND

As with rigid overlays, an empirical relation developed by the CE from
accelerated field tests is the most widely used design method in practice
today. As with many of the rigid overlay tests, complete documentation of the
flexible overlay tests was missing, but a summary of the tests and flexible

48overlay design method was presented by Mellinger and Sale

The CE rigid and flexible overlay design methods were developed when
_%_/ the Air Force was upgrading existing pavements for new heavier jet aircraft.

The Air Force w. concerned about the potential for its new jet aircraft
engines ingesting spalled concrete resulting in serious damage. Consequently,

NO the empirical rigid overlay pavement equations were developed on the basis of
initial cracking in the concrete. A similar concern did not exist over the
flexible overlays for which a very different failure criterion was developed.
This criterion was described by two sources.

Mr. Turnbull (Mr. W. J. Turnbull of the Waterways Experi-
ment Station) was interested in obtaining a realistic
definition of the condition called failed by the Rigid
Pavement Laboratory. He was informed that failure was
usually associated with visible transient deflection on

" :the order of 1/2 inch, and not with a nominal degree of
surface rutting. He concurred that such a condition would

definitely represent failure,...53

The failure of a non-rigid overlay test item is determined
by visual observation of the pavement surface. In the
Sharonville overlay tests, large dynamic deflections and

*pavement displacements occurred rapidly after the first
signs of visible transient deflection. Hence, failure was
generally established at the number of traffic coverage8

corresponding to the first signs of visible deflection48

The CE flexible and rigid overlay design equations are often used to
develop comparative designs for cost analysis of alternative pavement overlay
strategies. Their very different defined levels of failure make any such
comparisons ludicrous regardless of the current widespre4d practice of doing
so. This difference in failure criteria results in anoma1.es such as a given
pavement to be overlaid for some specified traffic requiring a certain thick-
ness of rigid overlay. For the same conditinns the flexible t:verlay equation
wtill give a negative required overlay thickness. This simply re.flects the
difference in failure criteria.

. * 150
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The existing CE flexible overlay design equation is

t = 2.5(Fh e-Ch ) (53)

where

t = thickness of flexible overlay

F a factor less than or equal to 1.0 which accounts for cracking in
the base slab charts (this factor can be found in references 24
and 78)

h =thickness of new concrete pavement required to support the design
e traffic if no base pavement existed

C a condition factor to account for cracking in the base slab

= 1.0 if base pavement is intact or contains a small amount of
structural cracking

0.75 if base pavement contains limited multiple cracks

= 0.50 if base pavement contaias extensive multiple cracks

h - thickness of existing base pavement
b

The F factor in the above equation allows the base pavement to reach a com-
pletely failed condition (defined as a slab broken into 35 or more pieces).
This extensive cracking in the base slab results in the deflection used as th-
failure criterion for flexible overlays. Without this F factor and with thi
condition factor of the base pavement equals to one, the flexible overlay
equation is essentially an equivalency equation that states that 1-in. of PCC
can be replaced with 2-1/2 in. of asphalt concrete (AC). Because of the prob-

. lems caused by the difference in failure criteria, Chou14 recommended that tho
2.5 constant in the above equation be raised to 3.0 to increase the required

'Ithifkness of flexible overlay. The existing CE flexible overlay equation doe.

not provide the framework to develop comparative designs between flexible and
rigid overlays. However, the proposed design overlay method, with certain

.. limitations, can provide such framework.

FLEXIBLE OVERLAY DISTRESS

Any joint or crack in a rigid base pavement tends to reflect through thl
flexible overlay. This is because of differential movements caused by envi-
ronmental effects, loads, or a combination of these factors. The problem of
reflective cracking is a major research area, and summaries of the problem an

77 72
.! recent work are presented by Treybig et al. and Smith et al. . At the

present time there is no solution to the reflective cracking problem despite
extensive work using techniques such as stress or strain relieving inter-
layers, geotextiles, reinforcing in the overlay, or cracking and seating of
the PCC pavement prior to overlay. Also, the current research on predicting
the rate and extent of reflective cracking has not advanced to the point whet
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the designer has a reliable method of estimating the future extent or severity
of reflective cracking in a flexible overlay.

Reflective cracking starts as fine hairline cracking in the flexible
overlay above joints or cracks in the underlying PCC pavement. This initial
cracking can begin within a few months of the placement of the flexible over-
lay and with further cycles of temperature and load they propagate and widen.
Initially reflective cracks are simply unsightly, but with time they deterio-
rate, begin to ravel, allow debris and water to enter, and are a continuous
maintenance problem. Table 35 shows the PCI values for a pavement containing
only reflective cracking from underlying pavement joints at the indicated
density and severity levels as calculated using the PCI procedure of the

80FAA . Reflective cracking from cracks in the underlying pavement rather than
joints is computed as a separate distress type and has somewhat higher deduct
values (hence lower overall PCI) than the joint reflective cracking in
Table 35. Since reflective cracking appears to be unavoidable, even because

TlTable 35

PCI Values for Joint Reflective Cracking

V .Severity

Density, % Lowa Mediumb Highc

10 73 64 46

25 64 47 26

50 56 36 13

75 52 31 6

100 50 28- 3

b Cracks have little or no spalling and a width of 114 in. (I less.
"Cracks are moderately spalled with some loose partialcs. Crack width is
"greater than 1/4 in., or light random cracking exists near the crack or at
the corners of intersecting cracks.

SCCracks are severely spelled with loose or missing particles.

of joints alone, and the extent of reflective cracking cannot be predicted at
the present time, all flexible overlays can he expected to exhibit distress
from reflective cracking. As indicated in Table 35 the evaluated condition of
the pavement can be significantly affected by reflective cracking. The pro-
posed design procedure will select thicknesses of flexible overlay to with-
stand structural loadings, but it will not prevent reflective cracking. Since
reflective cracking seems to be eventually unavoidable in flexible overlays,
one criterion for design of flexible overlays would be to avoid any cracking
or deterioration in the concrete base pavement after the flexible overlay is

S~ placed.
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If cracking and seating are used for the base pavement prior to overlay,
it might be reasonable to treat the base pavement as having an SCI of 0 and
the appropriate reduced modulus could be used to represent this layer in anal-
ysis. This is a new construction technique, and field data is required to
validate any proposed design concepts such as this.

AC subjected to repeated loading will, like PCC, exhibit fatigue crack-
ing. However, fatigue cracking is not a normal distress mechanism observed in
"flexible overlays. Nevertheless, any analysis of a flexible overlay should
also check this possibility. The WES has used a layered elastic asphalt

27
fatigue criterion based on work by Heukelom and Klomp as follows:

e all = 10-A (54)

where

E all allowable asphalt tensile strain

"A N + 2.665 log(E/14.22) + 0.392

N = log (coverages)

, E - modulus elasticity of asphalt concrete, lb/in. 2

The visible deflection criterion used in developing the CE empirical
*i flexible overlay design equation suggests that subgrade failure may be an

important factor in flexible overlay performance. Consequently, subgrade per-
"formance should also be checked for flexible overlay design. A criterion used
by the WES for subgrade strain in layered elastic analysis is based on work b)S~7
Barker and Brabston and is determined by

RI A IB(55)

where

L * - allowable vertical subgrade strain

A - 0.000247 + 0.000245 log Ea

N - Cycles of strain or coverages

B - 0.0658 Es
0 559

Es subgrade modulus (lb/in. )
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Rutting is a common distress in flexible overlays. However, this is
primarily dependent on the quality of the AC and construction used for the
overlay and is best controlled by material and construction specifications.
Therefore, flexible overlay rutting is not analyzed directly in the proposed
design approach.

Because of the eventual reflective cracking that will probably occur
from any cracks forming in the base pavement, a conservative approach to flex-
ible overlay design is to select the flexible overlay thickness so that no
cracking is caused in the base pavement (i.e., C for the base pavement after

adjustment for equivalent traffic prior to overlay is not reached during the
design life of the overlay). This approach would not be feasible, for exam-
ple, if a flexible overlay was planned for a pavement that was already exhib-
iting distress. In this case some reflective cracking from this distress
would have to be expected, and the flexible overlay thickness should be
selected so that further loss in SCI of the base pavement through the design
life of the overlay is minimal. When the base slab has been cracked by pre-
vious traffic, allowable asphalt tensile stain and the subgrade vertical
strain should be checked.

- OVERLAY BEHAVIOR

Case 6 from Tables 27 and 28 will be used to illustrate the proposed
Sdesign procedure's application to flexible overlays. For this case an exist-

Sing 10.8 in. concrete base pavement with a modulus of 5,000,000 ib/in 2 and a

flexural strength of 800 lb/in.2 is to be overlaid to support 50,000 coverages

of a B-727. The subgrade has an elastic modulus of 20,000 lb/in. 2. The
equivalent new slab to support this traffic is 14.4 in. The AC modulus will

be assumed to be 250,000 ib/in. 2, and the Poisson's ratio will be assumed to
be 0.45. From the equations given earlier the allowable AC tensile strain for

50,000 coverages is 5.24 x 10-4 in./in. and the allowable subgrade strain is

1.18 x 10-3.

Table 36 shows the effect of the deterioration of the base slab for sev-
eral overlay thicknesses between 2 and 14 in. The 9.8 in. (rounded to the

_ nearest 0.1 in.) overlay will protect the base slab against deteriorating dur-
ing the 50,000 design coverages and would be the design using the criteria for
the proposed design method. The 8.2 in. thickness would be the design using
the CE flexible overlay equation. For this specific case, strain in the AC
and subgrade never became a concern. Even after the SCI of the base reaches 0
neither of these parameters reaches a value that would cause deterioration
within another 50,000 coverages. Reflective cracking from deterioration of
the base slab is the primary potential distress for the flexible overlay.

Figure 56 shows the base slab deterioration for several flexible overlay
thicknesses for case 6 and also shows the AC tensile strain and subgrade ver-
tical strain as the base slab deterioration. The AC strain begins in compres-
sion and turns into tension for this specific case and example overlay
thicknesses only after the base slab has undergone significant deterioration.
Table 36 shows this usually occurs when the base slab reaches an SCI value of

0 
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20 or 0. The subgrade strain steadily increases as the base slab deterio-
rates. At no time do either AC tensile strain or subgrade vertical strain
reaches the limiting values given earlier. This may not always be true, thus
these parameters need to be checked in each flexible overlay design. Analysis
of these parameters would follow the same procedures discussed earlier for
calculating the onset of cracking (composite C value) in the rigid overlay.0

During each interval of traffic the damage from AC or subgrade strain would
have to be calculated as is done in Table 21 for PCC damage.

For an initial undamaged base pavement, a 9.8 in. flexible overlay would
just be starting to allow deterioration in the base pavement after the design
50,000 coverages of the B-727 for case 6. The only distress that would exist
at the end of the design traffic would be whatever flexible overlay reflective
cracking developed from the underlying joints plus any durability, environmen-
tal, or construction related distress. The 8.2 in. overlay thickness calcu-
lated from the CE flexible overlay equation would allow deterioration of the
base pavement to start at 18,033 coverages (Table 36), and the base SCI would
be 29 at the end of the 50,000 design coverages (Figure 56). Significant
cracking from this amount of base slab could be expected to reflect through
the flexible overlay.

Pavements are often overlaid aftpr they have undergone some pavement
damage. Because of the problem of reflective cracking, this damage will even-
tually reappear in the flexible overlay. Under the proposed design procedure
a thickness of overlay can be selected that will minimize further deteriora-
tion of the base pavement. Table 37 shows the final base SCI value at the end
of 50,000 coverages for initial base SCI values of 25 to 75. The 9.8 in.-
thick overlay shows a large decrease in SCI value after 50,000 coverages when
used on any of the three deteriorated pavements in Table 37. Considerable
reflective cracking damage could be expected under these conditions. The
12 in. flexible overlay suffers far less base damage at the end of the design
traffic than did the 9.8 in. overlay, but the 14 in. overlay essentially pre-
vents any further damage to the base slab. Consequently, for a pavement that
has undergone structural deterioration prior to the overlay (i.e., SCI <100)
the 14 in. overlay offers the design that will minimize damage for case 6
under the 50,000 design coverages.

Table 37 shows that the rigid and flexible CE overlay C factors are
*• defined differently from one another for the same base pavement SCI. This

simply reflects the differences in failure criterion and performance to be
expected from these overlay types under the existing CE design approach. The
proposed design procedure can be extended as described to include flexible
overlays. However, analytical models to describe the progression and severity
of reflective cracking are beyond the current state-of-the-art, and therefore
the ability to predict the flexible pavement deterioration is very limited.
With the proposed design method a thickness of AC overlay is selected to pre-
vent cracking from developing in an existing base pavement after overlay or at
least to minimize further cracking in an already cracked based pavement after
overlay. Strain in the AC and subgrade are also checked against allowable
valuables, but they normally will not control flexible overlay design.
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Table 37

Effect of Initial Base SCI on the Performance of Case 6 Flexible Overlays

* Approximate
Equivalent Base SCI•.• ~CE C Factor Equivalent Bs C

Initial Base Thickness After 50,000 or
SCT Rigid a Flexible in. Trafficb More Coverages

75 0.73 1.00 9.8 66,827 37
12.0 284,152 64
14.0 1,155,026 72

50 0.46 0.75 9.7 96,097 21
12.0 413,314 42
14.0 1,672,824 48

25 0.19 0.50 9.8 138,187 4
12.0 601,187 20
14.0 2,422,751 24

C a from C = - 0.076 + 1.073 100

SEquivalent traffic on the overlay that would develop the initial base SCI
given in the first column.

EVALUATION

Table 38 shows the design parameters for the 14 cases from Tables 27 and
28 along with randomly selected AC modulus values for a flexible overlay.
Allowable PCC tensile stresses, AC tensile strains, and subgrade vertical
strains based on the criteria given in the preceding sections are shown in
Table 39 for each case. Comparative 0asigns were prepared for each of these
14 cases using the proposed design procedures and CE flexible overlay equa-
titi.. The CE designs were made using the WES computer program RAD611. The
results are shown in Figure 57. For case 5 the CE flexible overlay equation
requires a negative overlay thickness compared with the 5.0 in. overlay
required by the proposed design procedure to protect the base from cracking.
This again illustrates the extreme failure criterion used by the CE flexible

* overlay procedure. For thick flexible overlayn the proposed design procedure
would require thinner overlays than the CE equations. For thinner overlays
the proposed method tends to require thicker overlays than the CE method.
There are some very extreme differences between the overlays required by these

N methods (e.g., for case 2 the proposed method requires 15.1 in., anr the CE
method requires 21.6 in.; for case 4 the proposed method requires 21.2 !,.,

and the CE method requires 37.3 in.; for case 9 the proposed method requires
15.5 in., and the CE method requires 3.3 in.).

dl•T There is not a consistent basis for comparison between the proposed

design method and the CE flexible overlay method. The CE thickness calcula-
tions in Figure 57 include all the inconsistencies of the empirical CE flext-
ble overlay equation and all the assumptions of the CE rigid pavement design
method which are used in developing the equivalent new pavement thickness.
The flexible overlay failure criterion is of doubtful validity today.
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Table 40 summarizes some of the differences between the empirical CE method
and the proposed design methods. The basis and approach between the design
methods are very different, and the differences shown in Figure 57 are not
surprising in light of the variations in assumptions and criteria involved.

The resalts in Figure 57 suggest that the proposed design procedure wil
-, generally require approximately the same or thicker overlays under conditionm

where the CE design procedure would require about 14 in. or less of overlay.
With thicker overlays the proposed method would require thinner overlays thar
the CE design procedure.

In order to compare the CE flexible over'.ay equation with the proposed
method the thicknesses required by the flexible overlay equation were recalct
lated using the CE overlay equation, but the equivalent thickness from layer(
elastic calculated stresses and a failure defined as C from Tables 31 or

0
were used with the CE equation. This puts the comparison on a similar failul
basis and removes differences caused by rigid and flexible pavement factor

*' differences or failure criteria differences, CE reductions in thickness for
high-strength subgrades, or stress calculation differences between the Weste!
gaard and layered elastic analytical models. Also, an additional six cases
were evaluated. These cases were case 2 with the base pavement set equal to
0.1, 0.6, and 0.9 times the equivalent slab thickness and designated as
case 2B, 2C, and 2D, respectively. The other three new cases were case 4 wit
the base slab thickness set equal to 0.1, 0.5, and 0.9 times the equivalent
slab tnickness and designated as case 4B, 4C, and 4D.

As shown in Figure 58 the redefinitions of equivalent slab thickness
* reduced the CE calculated overlay thickness. The pattern in Figure 58 is vei

similar to that in Figure 57. The proposed design method requires thicker ol
approximately the same overlay thickness when the CE required thickness is
about 14 to 16 in. and thinner overlays otherwise.

The CE unbonded equation for -igid overlays was a conservative upper
bound for the layered elastic solutions, and the derivation of the cubic forn
of this equation based on a definition of equal rigidity found that the thicl

O'N nesses of the overlay could be adjusted by the ratio of modulus value to
account for material differences between the overlay and base pavement. ThiM
suggests that a conservative upper bound solution to the layered-elastic fley

* ible overlay solutions may take the form of

'S2 2 2h e . +Bt Of

where

h e equivalent new pavement thickness

hb = existing base pavement thickness

B - modular ratio

= E AC/E PCC

t -required thickness of AC overlay
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The ratio of AC modulus to PCC modulus for 20 cases that were analyzed could
vary between 0.0300 and 0.0875. As shown in Figure 59 the use of B set
equal to 0.0875 is much too conservative to be usable. Smaller values of the
E ratio are in further error. Curves with other B values are shown in Fig-
ure 59. A conservative upper bound solution to the proposed design method
results can be found with this equation if B is allowed to vary with the
ratio of h /h as shown in Table 41.

b e

Table 41

Appropriate Values of B for a Conservative Flexible Overlay Solution

Proposed Equation hb/he B

he2 = hb2 + B t2 >0.5 S050.50
ht0.25, <0.5 0.35

<0.25 0.25

"Note: h = equivalent new pavement thickness.

h = existing pavement thickness.
b
"t = AC overlay thickness.

This form of the power equation is not very satisfactory, and a variety
of regression equations were also evaluated. Attempts to include the effect
of modulus value in the equation were not successful. The best of these
attempts was

hb
t/he = 1.819 - 1.656 h--- + 0.723 (E a/E ) (57)

where

*t -thickness of AC: overlay

h - thickness of equivalent new pavement

- thickness of existing base pavement

E - modulus of elasticity of the AC in the overlaya

E - modulus of elasticity of the PCC in the base pavement

However, as shown in Figure 60 there is no significant change caused by the
modulus ratio within the ranges for the 20 flexible overlays examined.
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The modulus ratio E a/E in the above equation has little real effect.

Therefore, several linear regression forms were examined with a single inde-
pendent variable. The most promising of these was

t/h = 1.853 - 1.645 (hb/he) (58

"2
r = 0.84

"Standard error of estimate = 0.1805

The variables in the equation are defined in equation 57. This equation is
almost identical to the one plotted in Figure 60 with the E /E is equal to

a c

0.555. This form of the equation is not always conservative as was the CE
unbonded equation for rigid overlays or as it was modified in Table 41 for
flexible overlays. Also, when the base thickness equals the equivalent thick
ness for new pavement, the equation would still require a flexible overlay of
0.208 of the equivalent slab thickness. Since by definition the equivalent
"slab can support all of the design traffic, this equation is not consistent a
the ratio of hb/heg approaches 1.0.

The basis or data for the flexible C factor (note that this is differ
ent from the rigid pavement C factor in Table 2) with CE flexible overlay

48design equation was not presented by Mellinger and Sale . In Figure 61 the
CE flexible overlay equation is shown for various F and C factors. The
F factor may vary for 0.4 to 1.0, and it is the factor that representing the
base slab reaching complete failure. The F factor is a function of the
subgrade k and number of coverages. The F factor for the 20 cases
considered in this section varied from 0.77 to 0.96. It is this factor that
leads to the anomalies in the CE flexible overlay equation that causes
calculation of negative flexible overlay thicknesses in certain circumstances

The C factor has a major impact on the required overlay thickness in
Figure 61. The previously given power and overlay regression equations can
also use a C factor in the same manner as the CE equation. For example the
overlay regression equation would become

t hb
t - 1.853 - 1.645 c 

Oe e

In Figure 62 this equation is plotted with the CE flexible overlay equation.
The C factor values for the above regression equation were selected to be
numerically equal to the rigid pavement C factor values that correspond wit
the flexible C factor values in Table 37. From Table 37 it appears that tt
flexible pavement C factor of 1.0 corresponds to the rigid pavement C fac
tor values of 1.0 and 0.73 used with the overlay regression equation. The
flexible C factor of 0.75 corresponds to the rigid factor of 0.46, and 0.5(
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corresponds to the rigid factor of 0.19. The use of the F factor compli-
cates the analysis, but in general it appears that the rigid overlay C fac-
tor determined from Table 2 or Figure 15 can be used with the overlay
regression equation to conservatively account for the condition of the base
slab. For example, for a CE flexible F of 1.0 and C of 1.0 the regres-
sion equation would require a thicker overlay than the CE equation whenever
h b/he was greater than 0.75 for a rigid C value of 1.0. Similarly, the

a• regression equation would require a greater overlay thickness than the CE
equation whenever hb/h was greater than 0.51 for a rigid C of 0.73. How-

ever, F is almost always less than 1.0, and for an F of 0.8, the regres-

sion equation would require a greater flexible overlay thickness for h/he
value greater than 0.17 for a rigid C factor of 1.0 or greater than 0.12 for
a rigid C factor of 0.75. If a rigid pavement overlay C factor is used as
a multiplier for the B factor in the power equation in Table 41, the results
compare conservatively with the CE flexible overlay equation in Figure 61.

The basis for the C factors used with the CE rigid and flexible over-
lay equations is not documented or adequately supported by data. They are
based more on judgement, are highly subjective, and have caused considerable

*Q• confusion in the part. Because of the lack of precision in their definition
and weak basis, a single C factor selected by a reproducible method such as
Figure 15 could be used for all of these equations. It can be used conserva-
"tively with the overlay regression or power equation presented in this
section.

SUMMARY

The proposed design method can be extended to include flexible overlays

over rigid pavements. However, the current limited ability to predict the
extent and severity of reflective cracking makes it impossible to predict per-
formance with the proposed design procedure as was done for rigid overlays
with the proposed design procedure.

The thickness of flexible overlay is selected to prevent an uncracked
base pavement from cracking, to minimize any further cracking in a base slab
that was cracked prior to overlaying, and to avoid exceeding the allowable AC
tensile strain and subgrade vertical strain. The allowable subgrade vertical

* strain will not bc exceeded.

The existing CE flexible overlay equation is based on a failure crite-
rion that is unrelated to other pavement criterion and which does not seem to
be r,:•provrlate for current airfield design practice. Because of its empirical
nature and unique failure criterion, the CE flexible overlay equation cannot
ba used to develop comparative designs. Also, peculiar and unrealistic

V results can he obtained. Consequently, the CE flexible overlay design equa-
.,,I tion is not recommended for further use.

6• Two simple equations were developed for possible use when the proposed
design method was not used or to obtain an initial estimate of trial overlay

* thickness for the proposed design method. One is a power equation similar to
the CE unbonded overlay equation, and it is presented in Table 41. It is con-
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servative and probably most appropriate for use when h b/h is 0.50 orbe

greater. The other equation is the overlay regression equation. It is a
least square linear regression equation and is not always conservative. It
also is not consistent when h b/he reaches 1.0. Both the power equation and

the regression equation can conservatively use the condition C factor from
Figure 15 to account for structural cracking in the base pavement. These are
both empirical equations with all the inherent limitations of such equations.
"However, they are based on protecting the base slab from cracking, and there-
fore, thev use a failure criterion related to the one used in the proposed
design procedure.

'17

,J.

S173



00

* .. CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

A proposed new overlay design and analysis procedure has been presented
for rigid airport pavements. It predicts pavement deterioration in terms of
an SCI varying between 0 and 100. The basis for the procedure is the layered
elastic analytical model. Effects of fatigue damage to the base pavement,
progressive cracking in the base pavement, and substandard load transfer at
the pavement joints are included in the analysis.

SThe proposed new overlay design procedure required thinner overlays than
existing design procedures. This reduction in required thickness is particu-
larly true for thick base pavements that contribute significantly to the

structural capacity of the overlay and base pavement system. The difference
is mainly caused by the proposed design procedure's improved modelirng of the
base pavements contribution to the system compared with the existing empirical
design procedures.

The proposed new overlay design procedure usually required thicker flex-

ible overlay thicknesses for conditions where the current CE flexible overlay
** ~ design procedure required up to about 16 in. of flexible overlay. For greater

CE required thicknesses, the proposed design method required thinner overlays.

The proposed design procedure predicts pavement performance and there-
fore requires accurate materiil, structural condition, and fatigue characteri-
zation of the pavement.

The existing CE unbonded rigid overlay design equation is a conservative
upper bound to the solutions from the proposed design procedure. Conse-
quently, it remains as a simple conservative design method. The CE partiully
bonded rigid overlay equation is not conservative, and its continued use is
highly questionable and subject to further study.

The proposed design approach using the BISAR computer program is capable
of handling any degree of interface condition from frictionless to fully
bonded. A fully bonded overlay may have major problems in constructing a sat-
isfactory joint capable of adequate load transfer if a thick overlay is used.
Therefore, the fully bonded overlay for airfields is generally limited to a

thin overlay of 2 to 5 in. thick to correct surface deficiencies and provide
limited structural improvement of the pavement. The limited data on the over-
lays normally referred to as partially bonded suggest that there is increased
friction or bonding which improves their performance compared to unbonded
overlays. However, accurately characterizing the appropriate friction level

to use in design is difficult.

Models to predict reflective cracking In flexible overlays have not beet%
developed, and therefore, the proposed design approach for flexible overlays
protects against additional cracking in the base pavement, fatigue cracking
caused by AC tensile strain, and excessive subgrade vertical strain. Conse-
quently, the proposed design approach cannot predict the performance of flex-
ible overlays as it cap for rigid overlays or rigid pavements.
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The BISAR computer program was used to calculate layered elastic
stresses for this study. Other layered elastic computer programs may oe used
if they provide stress solutions of the same accuracy as the BISAR program.
Most of these programs can only handle the fully bonded and unbonded overlays
because they lack models for intermediate levels of friction.

The proposed design procedure gives reasonable results and provides gen-
eral agreement with the available data. However, the data upon which the pro-
posed and existing design procedures are based are very limited. Major
efforts are needed to develop new trafficking data and to collect field per-
formance data for overlays.

The proposed design procedure predicts structural deterioration of a
pavement from load induced stresses. There are other causes of deterioration
in pavements that must be addressed separately.

The proposed design procedure is analytically much more powerful than
the existing empirical procedures and allows direct analysis of the effects of
a variety of design parameters such as material properties or interface fric-
"tion. However, load characterization, major simplifications of !laterial prop-
erties, and simple assumptions concerning time-dependent effects such as

v, variation in load transfer or temperature are needed to simplify the problem
to a point where analytical solutions are feasible. The analytical solutions

.4-. should be tempered and adjusted with judgment and experience.

RECOMNUDATIONS

r The proposed design procedure and the existing overlay design procedures

Sare based on limited data. A program of full-scale rest sections and field
%.. monitoring of in-service parameters and overlays are needed. Some specific

areas thfit require further work are validating the proposed rigid performance
model. from in-service pavements. determining if any factors affect the struc-
tural deterioration besides the design factor, gathering more data on the
effective cracked slab model, validating or improving the load transfer
adjustment, determining appropriate friction levels to use in analysis of
unbonded and partially bonded overlays, developing other models to include
durability and pumping related deterioration, and extending the improved
des ig. method to include flexible overlay reflective cracking models.

The proposed design approach should be used to study the optimal point
frpavement rhbltioantocompare rehabilitation strategies (e.g..

should an overlay try to protect the base pavement from further cracking or
should it be more cost effective to allow the base to crack with a thinner
overlay).

The effective cracked slab model should be investigated as a method of
designing overlays for crack and teat construction.

A long-term assessment and monitoring of load transfer in rigid airfield
pavements are needed to determine the actual values and variability of this
parameter.
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APPENDIX A

CORPS OF ENGINEERS RIGID PAVEMF.NT

TEST SECTION DATA
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Table A2

Performance for Lockbourne No. I Test Sections

Sa CFb Slabs Load kip Single

Item Coverages __S __ 0 Analyzed Wheel Load (SWL)

A 1.60 18 80 13 59 NE, SE 37

59 0

., 94 0

A 2.60 294 93 225 10,084 SE 20

520 78

B 1.66L 14 55 3 96 NW, SW 37

56 13

a91 3

225 0

B 2.66L 76 86 59 522 SW 20

298 42

388 0

C 1.66S 15 93 13 92 NE, SE 37

56 23

91 2

225 0

C 2.66S 78 78 54 599 SE 20

300 42

390 17

$1(- 0

D i.66 0 55 6 i04 4vw, Sw 37
5 56 -28

91 0

1•7,ii(Cont 11nued)

a aCalculated onset of deterioration. OF - 0.5234 4 0.3924 Log C•o

b bCalculated absolute faillure (SCI - 0) OF -0.2967 4 0.3881 Log C7FV OF

S• , design f actor * flexural strength 4 calculated stress.

S~(Sheet I o1[ 4)

VA4.
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Table A2 (Continued)

Slabs Load kip Single0-, CO CF
Item Coverages SCI C F Analyzed Wheel Load (SWL)

D 2.66 300 100 289 3,776 SE 20

390 86

526 78

E 1.66M 21 100 50 212 NE, SE 37

57 100

92 45

226 0

E 2.66M 556 100 -- -- SE 20

F 1.80 Ill 55 70 195 NW, SW 37

195 0

287 0

F 2.80 550 100 .... 20

K 1.100 412 78 259 1,995 NW, SW 37

722 44

982 42

1,482 12

K 2.100 42 42 1 1,435 SW 60

722 12

982 0

SN 1.86 107 100 105 284 NW, SW 37

191 36

283 3

N 2.86 6 100 6 32 NW, SW 60

16 39

32 0

0 1.06 418 93 347 1,606 NE, SE 37

728 45

-9e? 27

148R 11

(Cont inued)

(Sheet 2 of 4)
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Table A2 (ContiPued)

Item Coverage ___ __0_ ASlabs l.oad kip Single

Item Coverages SCI 0O CF Analyzed Wheel Load (SWL)

0 2.06 42 100 41 155 NE, SE 60

80 45

138 11

-205 0

P 1.812 106 100 --- NW, SW 37

272 93

1,148 n

P 2.812 6 42 -- NW, SW 60

190 0

SQ 1.1012 457 100 -- -- NE, SE 37

988 100

1,487 93

Q 2.1012 42 too 36 209 NE, SE 60

* 80 .5

138 13

205 13

R 1.612 105 100 217 557 NW, SW 37

262 80

492 13

t1,022 0

R 2.612 1.5 58 1.0 4.2 NW, SW 60

19 26

42 0
S 1.66 90 93 222 549 NE, SE 37

*1 271 78

497 11

1.027 0

S 2.66 1.5 25 1.0 42 NE, SE 60

"19 17

42 0

(Coati nued)
(Sheet 3 of 4)
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Table A2 (Concluded)

_ C Slabs Load kip Single

%, Item Coverages SCI 0 CF Analyzed Wheel Load (SWL)

T 1.60 87 86 215 559 NW, SW 37

68 77

494 13

1,184 0

T 2.60 19 100 19 137 NW, SW 60

42 58

138 0

U 1.60 81 100 123 488 NE, SE 37

262 45

488 0

U 2.60 1.5 12 1.0 42 NE, SE 60

19 2
"" 42 0

AA
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Table A6

Performance for Sharonville Heavy Load and Multiple

Wheel Heavy Gear Load Tests

% C a C b ___________

Item Coverages SCI 0 F Load

72 1,000 85 420 147,210 325-kip twin-tandem

1,260 82

1,440 79 Tire spacing
3,700 63 31.25 x 62.75 in.

73 1,000 89 668 7,054 325-kips twin-tandem

1,200 68

1,650 58

2,115 55

I-C5 112 92 150 936 360-kip

__ . 192 85 12-wheel C-5
gear assembly

251 81

288 56

592 26

2-DT 40 93 128 476 166-kip dual-tandem

150 86

290 43 Wheel spacing

410 8 44 x 58 in.

3-DT 150 8 177 960 166-kip dual-tandem

260 78

410 45 Whpel spacing
530 43 44 x 58 in.

680 17

4-CS 180 80 1o5 258 325-kip
240 16 12-wheel C-5

gear assembly
9l,'

a Calculated onset of deterioration DF - 0.5234 + 0.3924 Log Co.

b Calculated absolute failure (SCI 0 0) DF - 0.2967 + 0.3881 Log CF. DF
design factor - flexural strength ÷ calculated stress.
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Table A8

Performance for Keyed Longitudinal Joint Study and

Soil Stabilization Pavement Study

SC Ca Cb

Item Coverages SCI 0 F Load

KLJS I-C5 54 68 16 683 360-kip

144 38 C-5 gear assembly

344 30

504 0

KLJS 3-C5 144 85 292 783 360-kip

344 80 C-5 gear assembly

504 52

688 9

KLJS 3-C5 22 80 11 395 360-kip

116 45 C-5 gear assembly

164 15

364 3

KLJS 4-DT 320 78 228 1094 166-kip dual-tandem

630 34

880 23
•i950 1

SSPS 3-200 200 84 937 4258 200-kip dual-tandem

1770 60

2050 52

3000 12

4460 3

SSPS 4-200 1770 74 1179 5934 200-kip dual-tandem

4660 20

5220 0

.4,

(Continued)

aCalculated onset of deterioration DF - 0.5234 + 0.3924 Log Co.

b Calculated absolute failure (SC - 0) DF 0.2967 + 0.3881 Log C,. DF

design factor w flexural strength + calculated stress.
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Table A8 (Concluded)

SICO CFL d
Item Coverages SCI 0 F Load

SSPS 4-240 40 80 22 377 240-kip dual-tandem

100 42

200 27

350 1

.. 1

)
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Table A9

Calculated Stresses and Design Factors

Flexural Stress Layered ElasticTest Section Item lb/in.2 Stress, lb/in. 2  Desig
________Factor

Lockbourne No. I A 1.60 780 599 1.302

A 2.60 740 405 1.827

B 1.66 C 780 759 1.028

B 2.66 C 740 504 1.468

C 1.66 S 780 853 0.914

C 2.b6 S 740 558 1.326

D 1.66 780 877 0.889
D D 2.66 740 572 1.294

E 1.66 M 780 771 1.012

E 2.66 Mt 740 505 1.465

F 1.80 780 625 1.248

F 2.80 740 396 1.869

R 1.100 780 410 1.902
K 2.100 735 570 1.290

I N 1.86 780 560 1.383

"N 7.86 735 785 0.936

0 1,06 780 458 1.703

0 2.06 735 647 1.136
P 1.812 780 632 1,234

p 2.812 735 883 0.832
Q 1.1012 780 465 1.617

Q g 2.1012 735 659 1.115

•R 1.612 780 332 2.349

1R 2.612 735 381 1.929

S 1.66 78O 344 2.267

S 2.66 735 381 1.929

r 1.60 780 364 2.143

T 2.60 735 397 1,851
tU 1.60 780 527 1.460

(Continued)
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Table A9 (Concluded)

T eIFlexural Stress Layered Elastic• TstSetin IemIbin2 11 Design

Test Section Item Ib/in. Stress, lb/in.' Factor

U 2.60 735 651 1.129

E-2 680 574 1.185

E-6 700 397 1.763

m 1 725 600 1.208

M 2 725 446 1.626

H 3 725 295 2.458

Sharonville heavy 72 800 319 2.508
•'• load

ld73 800 401 1.995

Mult iple wheel 1-C5 725 580 1.250

He- tcavy gear load 2-C5 800 473 1.691

2-DT 700 566 1.234

3-C0 660 396 1.675

3-DT 700 461 1.518

C4-CS 775 73C. 1.054

-Keyed 1ogitudinal 1-Cs 905 656 1.380
Joint study 2-C0 730 522 1.399

3-CS 810 580 1.397

4-CS 860 522 1.648

860 643 1.338

Soil stabilization 3-200 900 463 1.944
pavement study 4-240 900 564 1.596

4-200 870 463 1.879

4-240 870 555 1.568

AAI7

*11



•,,"APPFNIX B

•.vJ SLAB TEST DATA

.1

•.4'

/e

APf4I



* I No w

Fi *~re B3i. Crane and headache ball used to
crack slabs

"S.AD

Figure B12. Dynatest falling weight
deflectometer, Model 8000
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figure R3. Initial condition, Slab I
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Figure 84. Initial condition, Slab 2
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Figure B6. Initial cracking, Slab 1,
SCI 80
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Figure B7. Initial cracking, Slab 2,
SCI - 80
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Figure B9. Second cracking, Slab 1,
SCI 58

Figure BIO. Second cracking, Slab 2,
SCI 8 0 at position 100
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*Figure B12. Third cracking, Slab 1,
SCI 23

Figure B13. Third cracking, Slab 2,
SCI 39

B9



Figure B14. Fourth cracking, Slab 1,

SCI

Figure B15. Slab 1 next morning (additional
visible cracks compared with B13)
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Figure B16. Fourth cracking, Slab 2,
SCI 23

Figure B17. Initial condition, Slab 3
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Figure B18. Initial condition, Slab 4
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Figure R19. First cracking, Slab 3,
N SCI -39
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Figure B20. Second cracking, Slab 3,
SCI 23

Figure B21. First cracking. Slab 4.
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Figure B22. Second cracking. Slab 4,

SCI 23
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Figure 823. Initial conditions.
Slab 5

B14

-. . . .et



44

A.
4.4

V

Wa
N

/9

4
IQ..P.

Is.

11

S

.4 4.''N;..

tat
VialFigure -. , ronniPannc

'I. * Slab 6

'AA

4%#9

at'
#�

-t
'4 11N

1*

S
'V

B

Sw
Elgure 825. Pirat cracking. Slabs S and 6,

SC! - 39 and 55

at.

g,4.

V

9

* 515
*Oj

'I;

a -&�:%sn - 4. '� - * � e � q -



Figure B26. Second cracking, Slabs 5 and 6,
SCI 23

Figure B27. Third cracking, Slabs 5 and 6.
SCI- 0
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-' Table BI

= ._. Falling Weight Results, Slab 1, Position 100

L.a.b Deflection, X 10-3 in.

"" aPoitiona b D0 C D Dc Dc D4 8  DC DC

100 22,278 28.0 24.6 18.9 14.0 10.3 7.7 5.7
100 22,421 26.9 23.6 18.0 13.5 10.0 7.5 5.6
100 22,405 27.1 23.4 18.0 13.5 10.0 7.5 5.6

100 22,437 27.3 23.6 18.0 13.5 10.0 7.5 5.6

101 22,071 45.7 47.2 30.2 20.7 14.1 9.5 6.7
101 22,389 42.7 41.7 28.3 19.4 13.1 9.0 6.3

101 22,357 42.6 40.7 28.3 19.3 13.0 8.9 6.3
101 22,373 42.6 40.4 28.3 19.2 13.0 8.9 6.3

102 13,109 67.2 55.6 31.9 19.0 11.6 7.4 5.0
102 13,109 67.2 55.0 32.0 19.1 11.7 7.4 5.0
102 13,141 67.3 54.8 32.2 19.3 11.7 7.5 5.0
102 13,125 67.2 54.4 32.4 19.2 11.7 7.4 5.0

103 13,093 65.7 56.0 32.2 19.0 11.5 7.7 5.0
103 13,173 64.0 52.2 31.1 18.2 11.1 7.4 4.9
103 13,125 64.4 52.4 31.2 18.2 11.0 7.4 4.9
103 13,093 64.6 52.3 31.3 18.2 10.8 7.3 4.9

104 7,627 79.3d 64.0 32.0 16.7 7.2 3.3 2.6
.104 7,770 8 0 9d 63.7 32.4 16.8 7.6 3.4 2.6

kA 104 7,818 82.0 d 65.0 32.5 16.9 7.5 3.4 2.5
104 7,850 83.0 64.4 32.7 17.0 7.5 3.4 2.6

104 8,215 $4. 9 d 63.1 29.6 15.3 7.3 3.0 2.5
104 8,326 8 4 . 6 d 63.2 29.9 15.4 7.4 3.1 2.6

104 8,358 8 5 . 6d - -6443 30.4 15.6 7.4 3.2 2.6
104 8,390 86.5 65.0 30.8 15.7 7.5 3.1 2.6

a Third digit in position number shows cracking level (i.e., 100 initial con-
bdition, 101 first cracking, and 102 second cracking).

bMeasured on plate.
SSensor location D at center of plate, D12 at 12 in. from center of plate,

d and D24 at 24 in. from center of plate.

Overranged sensor maximum capacity of 75 x 103 in.
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Table B2

Falling Weight Results, Slab 1, Position 100.5

b- -Deflection, x 10-3 in.
_• Loadb c-36

" "oa La DC DillC DC D" ID D C D c
Position Ib 0 2 24 36 48 60 72

101.5 22,278 39.7 32.8 23.7 16.8 11.7 8.2 5.9
101.5 22,294 39.2 32.4 23.3 16.6 11.5 8.1 5.8
101.5 22,294 39.4 32.3 23.4 16.6 11.4 8.1 5.8
101.5 22,294 39.4 32.2 23.5 16.6 11.4 8.1 5.8

102.5 13,538 61.8 42.6 26.0 16.1 10.7 6.7 4.6
%• 102.5 13,570 61.5 42.6 26.0 16.1 10.2 6.7 4.6

102.5 13,538 61.7 42.8 26.1 16.2 10.4 6.7 4.6
102.5 13,538 61.9 43.1 26.2 16.3 10.4 6.7 4.6

P 103.5 13,808 45.5 35.6 22.4 14.4 9.1 6.1 4.3

103.5 13,872 45.2 34.7 22.2 14.2 9.3 6.1 4.4
103.5 13,856 45.4 34.8 22.3 14.1 9.3 6.1 4.4

* 103.5 13,840 45.5 34.8 22.3 14.3 9.0 6.0 4.3

104.5 7,484 65.6 45.8 25.0 9.1 3.8 3.7 2.8
104.5 7,548 66.5 46.8 25.6 9.3 3.8 3.8 2.8
104.5 7,580 67.0 47.3 25.9 9,4 3.6 3.7 2.8
104.5 7,611 68.1 48.1 26.5 9.6 3.6 3.8 2.9

*1

O

SaThird digit in position number shows cracking level (i.e., 100 initial con-
• •bdition, 101 first cracking, and 102 second cracking).
,Me r o

~Measured on plate.
Sensor location D 0 at center of plate, D1 2 at 12 in. from center of plate,

and D24 at 24 in. from center of plate.

B18
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Table B3

Falling Weight Results, Slab 1, Position 200

b Deflection, x 10-3 in.
Load c c D c D

Positiona lb D 12  24 D6 D48  60 72

200 23,025 32.6 26.3 19.6 14.6 9.8 7.9 5.7
200 23,501 31.0 25.0 18.7 14.1 9.6 7.6 5.6
200 23,517 31.5 25.2 18.8 14.0 9.7 7.7 5.6
200 23,470 32.0 25.5 19.0 14.1 9.8 7.6 5.6

201 22,087 48.0 37.0 26.3 18.8 12.5 9.3 6.5
201 22,119 47.5 36.2 25.9 18.4 12.3 9.2 6.5
201 22,119 54.4 36.1 26.1 18.5 12.4 9.3 6.5
201 22,039 48.2 36.2 26.3 18.7 12.4 9.3 6.5

202 13,967 43.5 32.0 21.4 14.8 10.0 6.8 4.9
202 14,047 41.8 30.8 20.6 14.3 9.8 6.1 4.9
202 14,031 42.2 31.1 20.7 15.6 9.8 6.0 5.1
202 14,015 42.4 31.3 20.9 14.4 9.6 5.5 5.4
202 18,369 56.3 41.9 27.8 19.3 12.6 9.1 6.7
202 18,337 57.0 42.6 28.3 19.4 12.7 8.8 6.9
202 18,337 57.8 43.0 28.7 20.7 12.8 9.3 6.9
202 18,369 58.5 43.4 28.9 20.0 13.0 9.4 7.0

202 21,483 67.9 50.4 33.5 22.9 15.7 10.9 8.3
202 21,563 68.6 51.1 33.8 23.6 15.8 11.0 8.3
202 21,563 69.8 51.5 33.9 23.3 16.1 11.1 8.3
202 21,610 70.4 51.7 34.1 23.5 16.1 11.1 8.3

203 18,591 44.3 35.4 24.8 16.1 10.3 7.3 5.4
203 18,639 40.2 32.4 22.2 15.0 9.8 7.1 5.4
203 18,655 40.3 32.3 22.1 15.0 9.4 7.1 5.5
203 18,639 40.6 32.5 22.2 15.0 9.6 7.1 5.5

203 21,388 52.2 42.2 26.3 17.8 11.7 8.4 6.5
203 21,420 51.9 40.2 26.7 16.7 10.3 6.9 6.3

* 203 21,404 52.6 41.9 26.9 17.6 12.2 8.5 6.2
203 21,356 53.0 41.1 27.0 17.7 12.3 8.5 6.1

(Continued)

aThird digit in position number shows cracking level (i.e., 100 initial con-

_ dition, 101 first cracking, and 102 second cracking).
bMeasured on plate.
C Sensor location D0 at center of plate, D12 at 12 in. from center of plate.

and D24 at 24 in. from center of plate.

B19



Table B3 (Concluded)

Deflection, x 10.3 in.

Load D D D D D D D
Position lb 0 12 24 36 48 60 72

204 8,374 19.3 17.8 14.2 9.8 6.1 3.7 2.6
204 8,453 18.9 17.5 14.0 9.8 6.1 3.7 2.7
204 8,422 18.9 17.5 14.0 9.8 6.1 3.7 2.8
204 8,422 19.0 17.6 14.1 9.8 6.1 3.7 2.8
204 14,094 35.2 31.9 24.8 16.9 10.4 6.4 4.8
204 14,158 35.0 31.9 24.6 16.8 10.4 6.5 5.0
204 14,142 35.2 32.0 24.8 16.9 10.4 6.5 5.0
204 14,142 35.4 32.3 24.8 16.9 10.4 6.5 5.0

204 21,515 59.3 54.1 40,2 27.4 16.4 10.2 8.1
204 21,595 59.2 53.0 40.2 27.4 16.1 2.8 8.3
204 21,610 59.5 53.1 39.9 27.6 14.9 8.6 8.4
204 21,595 59.8 53.5 41.4 27.2 15.1 8.1 8.4

204 13,475 65.4 48.3 29.2 13.5 7.4 4.8 7.2
204 13,522 65.0 47.8 29.3 13.6 7.6 4.8 4.8
204 13,554 65.2 47.9 29.4 13.8 7.5 4.9 5.2
204 13,554 65.2 47.9 29.4 13.9 7.6 4.9 4.9

B
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Table B4

Falling Weight Results, Slab 1, Position 300

Deflection, x 10-3 in.

Loadb C C C C C C C
Positiona lb D0e 12 24 36 48 60 72

300.0 21,912 30.4 26.6 20.2 15.3 11.2 8.2 6.0
300.0 21,976 30.2 26.0 20.0 14.9 11.0 8.1 5.9
300.0 21,992 30.4 26.2 20.0 14.9 11.0 8.7 5.9
300.0 21,992 30.6 26.2 20.0 14.9 11.0 8.1 5.9

301.0 22,262 35.4 33.7 26.3 20.0 14.1 10.3 4.8
301.0 22,262 34.5 32.8 25.7 19.6 13.9 10.2 4.2
301.0 22,167 34.6 33.1 25.9 19.6 14.0 10.1 4.0
301.0 22,055 34.7 33.3 26.0 19.6 14.1 10.1 2.1

302.0 21,849 36.5 35.7 27.5 20.7 14.8 10.6 7.7

302.0 21,912 36.4 33.5 26.5 20.2 14.4 10.3 7.8
302.0 21,896 37.1 33.2 26.4 20.0 14.4 10.1 7.7

. 302.0 21,881 36.9 33.1 26.5 20.2 14.4 10.3 7.8

303.0 21,642 66.3 57.8 42.6 29.6 18.7 11.1 7.8
303.0 21,817 61.7 55.7 40.3 29.1 18.1 11.3 8.1
303.0 21,833 61.6 53.9 40.6 27.9 18.0 11.3 8.1
303.0 21,849 61.6 51.2 40.9 27.9 18.1 11.3 8.1

304.5 7,595 43.2 36.1 19.0 11.4 7.8 5.3 3.4
304.5 7,627 43.3 35.8 18.8 11.2 7.7 5.3 3.5
304.5 7,675 44.0 36.6 19.2 11.4 7.8 5.4 3.5
304.5 7,691 44.3 37.1 19.3 11.4 7.9 5.3 3.4

304.0 8,088 60.3 42.1 21.1 11.7 6.2 3.4 2.6
304.0 8,120 60.5 42.2 21.3 11.8 6.3 3.4 2.7
304.0 8,136 60.6 42.3 21.3 11.9 6.3 3.5 2.7
304.0 8,120 60.5 42.2 21.3 11.8 6.3 3.4 2.7
304.5 8,072 38.8 34.4 16.6 9.5 6.5 4.8 3.2
304.5 8,088 38.7 34.1 16.8 9.6 6.7 4.8 3.2
304.5 8,024 38.9 34.5 17.1 9.7 6.7 4.8 3.2
304.5 8,009 39.2 34.9 17.2 9.8 6.7 4.8 3.2
304.5 13,220 75.6 66.7 35.1 18.9 12.6 8.5 5.7
304.5 13,205 75.7 66.2 35.4 19.0 12.6 8.6 5.7
304.5 13,220 75.9 66.3 35.2 19.1 12.6 8.7 5.7
304.5 13,220 76.1 67.0 35.4 19.3 12.8 8.7 5.8

aThird digit in position number shows cracking level (i.e., 100 initial con-
bdition, 101 first cracking, and 102 second cracking).
bMeasured on plate.

Sensor location D at center of plate, D12 at 12 in. from center of plate,

and D24 at 24 in. from center of plate.
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Table B5

Falling Weight Results, Slab 2, Position 100

b -Deflection, 
x 10-3 in.

Load DC C c D3C6 c D6C D7CPosition a lb
Position_ lb__ 0 12 24 36 48 60 72

100 22,246 26.7 24.2 19.4 14.9 10.9 7.6 5.4
100 22,246 26.0 23.4 18.8 14.5 10.7 7.5 5.5
100 22,294 26.1 23.5 18.9 14.6 10.7 7.6 5.5
100 22,278 26.2 23.5 18.9 14.6 10.7 7.6 5.6

1,000 23,025 26.3 24.2 19.1 14.9 1U.5 9.0 6.8
1,000 23,009 26.3 23.8 18.9 14.8 11.6 9.0 6.8
1,000 22,913 26.3 23.7 19.0 14.9 11.6 9.0 6.9
1,000 22,897 26.4 23.6 19.1 15 11.5 9.0 6.9

101 22,516 30.2 27.0 21.9 17.1 '2.8 9.5 7.1
101 22,484 29.5 26.3 21.5 16.7 12.6 9.4 7.2
101 22,389 29.6 26.4 21.5 16.8 12.6 9.5 7.2
101 22,357 29.6 26.4 21.5 16.8 12.6 9.5 7.2

102 22,135 32.6 31.1 22.6 17.6 13.2 9.8 7.4
102 22,135 30.2 27.8 22.3 17.4 13.0 9.8 7.4
102 22,151 30.2 27.6 22.3 17.4 13.0 9.8 7.5
102 22,135 30.2 27.4 22.3 17.4 13.1 9.7 7.4

103 21,706 52.8 48.8 34.3 25.1 17.9 12.4 8.9
103 21,896 49.7 43.9 32.8 24.1 17.2 12.2 9.1
103 21,896 49.6 43.9 32.7 24.1 17.3 12.3 9.2
103 21,881 49.7 43.9 32.8 24.1 17.2 12.3 9.3

104 21,769 61.1 49.9 34.1 23.2 15.5 10.4 7.7
104 21,881 57.0 47.0 32.e 22.7 15.3 10.6 8.0
104 21,881 56.9 46.7 32.0 22.7 15.5 10.7 8.1
104 21,896 57.1 46.9 33.1 22.8 15.6 10.7 8.1

:4

aThird digit in position rumber shows cracking level (i.e., 100 initial con-
bdition, 101 first cracking, and 102 second cracking).

b Mensured on plate.
C Sensor location D at center of plate, D12 at 12 in. from center of plate,

and D24 at 24 in. from center oi plate.
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Table B6

Falling Weight Results, Slab 2, Position 200

b Deflection, x 10-3 in.
Positiona lb D D DDc D4c D6c D7c
Position_ lb__ 0 12 24 36 48 60 72

200 22,516 28.8 24.2 19.4 15.5 10.7 8.7 6.6
200 22,548 27.1 24.1 19.3 15.2 10.8 8.7 6.7
200 22,437 27.2 24.0 19.2 15.1 11.5 8.7 6.7
200 22,389 27.4 24.1 19.3 15.2 11.5 8.7 6.7

2,000 22,818 28.4 27.4 19.6 15.0 10.9 8.5 6.4
2,000 22,850 27.0 24.9 19.7 15.0 11.1 8.6 6.5
2,000 22,802 26.7 25.0 19.6 15.0 11.2 8.6 6.5
2,000 22,770 26.1 26.1 19.6 15.0 11.3 8.6 6.5

201 22,500 30.0 26.1 20.7 16.2 12.2 9.2 6.9
201 22,453 29.4 25.6 20.4 16.1 12.2 9.3 7.0
201 22,532 29.4 25.8 20.4 16.1 12.3 9.3 7.0

* 201 22,580 29.4 25.6 20.6 16.2 12.4 9.3 7.0

202 22,754 34.3 29.4 23.1 17.9 13.5 10.1 7.5
202 22,723 33.3 28.3 22.4 17.3 13.1 9.8 7.2
202 22,611 33.4 28.2 22.4 17.3 13.1 9.8 7.3
202 22,564 33.5 28.5 22.4 17.3 13.1 9.8 7.3

203 21,769 61.2 53.6 40.7 29.8 21.5 15.0 10.7
203 21,896 58.4 50.7 39.8 29.3 21.5 15.4 11.0
203 21,928 58.7 50.7 40.4 29.4 21.6 15.5 11.1
203 21,896 58.9 50.9 39.8 29.5 21.6 15.6 11.1

20' 18,432 51.5 45.0 33.5 24.3 16.2 11.5 7.9
204 18,575 49.4 43.5 32.0 23.4 14.8 11.3 7.8
204 18,560 49.6 42.0 31.9 23.4 13.8 11.4 7.8
204 18,560 49.8 42.9 32.0 23.5 13.0 11.5 7.8
204 21.753 60.2 50.6 41.1 28.1 19.9 13.6 9.4
204 21,785 59.6 50.9 39.1 28 19.9 13.7 9.4
204 21,785 59.9 51.3 38.6 28.3 20.0 13.7 9.5
204 21,769 60.2 51.2 38.8 28.4 20.0 13.7 9.5

a Third digit in position number shows cracking level (i.e., 100 initial con-

b dition, 101 first cracking, and 102 second cracking).
cMeasured on plate.

CSensor location D0 at center of plate, D12 at 12 in. from center of plate,

and U24 at 24 in. from center of plate.
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Table B7

Falling Weight Results, Slab 2, Position 300

SD~36
"b"Deflection, x 10-3 in.

Load C C C C C C c
Positiona lb Do0 D12 D24 36 48 D60 D72

300 22,357 30.6 25.2 19.6 15.1 10.4 8.7 6.5
300 22,421 27.7 24.6 19.0 14.8 9.4 8.5 6.4
300 22,421 27.9 24.2 19.1 14.8 9.3 8.5 6.4
300 22,437 28.0 24.4 19.1 15.0 10.6 8.5 6.5

3,000 22,405 27.8 24 18.9 14.7 11.3 8.3 6.3
3,000 22,516 27.4 23.7 18.9 13.8 9.7 8.2 6.3
3,000 22,532 27.4 23.5 18.3 14.1 8.9 8.3 6.3
3,000 22,532 27.5 23.9 18.0 14.1 9.8 8.2 6.0

301 22,024 42.9 37.2 25.4 18.6 13.5 9.9 7.4
301 22,230 41.0 34.1 24.3 17.8 13.0 9.7 7.2
301 22,278 41.2 33.5 24.2 17.7 12.9 9.6 7.1
301 22,325 41.5 33.4 24.3 17.7 13.0 9.6 7.2

302 21,372 61.0 58.3 47.3 38.3 30.2 24.6 17.8
302 21,563 57.7 54.1 44.8 36.4 28.9 23.3 17.1
302 21,626 60.3 53.9 45.0 36.7 28.8 23.3 17.2
302 21,626 58.1 53.7 45.0 37,1 28.4 23.4 17.2

303 21,007 80.2 74.6 62.8 50.5 35.1 25.6 17.2
303 21,181 75.1 69.7 59.3 49.4 36.2 26.3 17.8
303 21,197 75.7 69.8 59.8 50.0 38.9 26.3 18.0
303 21,102 76.1 70.5 60.3 50.4 39.4 26.5 18.1
303 18,226 66.0 61.7 53.9 43.8 33.2 23.8 16.0
303 18,242 66.1 62.3 53.0 44.2 33.6 24.1 16.1

j 303 18,210 66.1 61.5 53.1 44.3 33.1 24.0 16.1
303 18,242 66.3 61.5 53.2 44.4 32.8 24.1 16.2

304 21,245 76.7 71.5 59.1 43.6 24.8 16.0 10.5
304 21,420 72.6 69.6 58.2 44.3 51.4 16.9 11.0

*3N, 21,404 73.2 69.6 59.4 45.5 27.3 17.2 11.1
304 21,404 73.6 70.3 59.7 45.7 28.0 17.0 11.0

9a
aThird digit in position number shows cracking level (i.e., 100 Initial con-

dition. 101 fir.t cracking, and 102 second cracking).
Mea•.ired on plate.

CSensor locatlon 1)0 4it center of plate. D12 at 12 In. from center of plate,

and I)24 at 24 In. from center of plate.
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Table B8

Falling Weight Results, Slab 3. Position 100

b Deflection, x 10- in.

a oa D C D C D C D C D C D C D
Position lb 0 12 24 36 48 60 72

100 22,802 21.2 19.9 15.7 12.0 8.3 6.5 4.8
-100 22,993 21.0 19.1 15.4 11.9 6.9 6.5 4.8

100 22,977 21.1 19.2 15.5 12.0 7.0 6.5 4.8
100 23,009 21.1 19.1 15.7 11.9 7.4 6.5 4.8

101 22,659 30.0 34.7 19.8 14.6 10.3 7.5 5.2
101 22,786 28.8 28.8 19.2 14.2 10.1 7.3 5.2
101 22,786 28.7 28.5 19.2 14.2 10.1 7.3 5.2
101 22,786 28.6 28.5 19.1 14.2 10.1 7.3 5.2

102 22,325 41.4 43.7 26.3 19.7 14.0 9.9 6.7
102 22,437 38.7 39.3 23.8 18.0 13.1 9.4 6.4
102 22,421 38.6 38.9 24.0 17.4 13.0 9.3 6.4
102 22,437 38.6 38.8 22.4 17.4 12.9 9.2 6.3

$Mr ii npstinnme hw rakn ee ie, 0 tiilcn

anhid di24it 24in. fromiio cnter hof e plate. ee (.. 0 iiilcn

ditin. 31 fist cackig, ad 1 25scn rakn)



Table 1D9

Falling Weight Results, Slab 3, Position 200

Loa-b Deflection, x 10-3 in.
LodD C D D C D C D C D C D c

Position lb 0 12 24 36 48 60 72

200 21,944 37.6 29.5 20.4 13.8 9.6 7.0 5.2
200 22,437 38.6 29°9 20.7 14.1 9.6 7.0 5.1
200 22,405 39.8 30.5 21.0 14.3 9.6 7.1 5.0
200 22,437 40.7 31.0 21.4 14.4 9.6 7.2 5.2

201 13,713 65.9 36.6 17.8 8.3 5.6 4.6 3.6
201 13,729 65.6 36.7 17.7 8.3 5.9 4.7 3.7
201 13,761 65.6 36.1 16.8 2.6 5.1 4.7 3.7
201 13,729 65.6 36.2 07.0 8.5 5.9 4.7 3.7

202 13,634 68.3 38.2 18.1 9.6 5.3 4.4 3.7
"202 13,650 69.4 38.2 18,3 9.9 5.5 4.5 3.7
202 13,618 68.0 1b.0 IR.3 9.6 5.5 4.4 3.6

* 202 13,618 67.9 38.0 18.4 9.7 5.5 4.4 3.6

•Jm 'Third digit in position number shove cracking level (i.e., 100 initial too-

bdition. 101 first cracking, and 102 second cracking).
'Measured on plate.
c Sensor location D0 at center of plate, D12 at 12 in. from center of plate,

and D24 at 24 in. from center of plate.
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Table B1O

Falling Weight Results, Slab 3, Position 300

b Deflection, x 10-3 in.
Loadb Cc C c c C--

Na abDC DC D DC D D DPosition lb 0 12 24 36 48 60 72

300 22,580 28.8 26.1 18.0 12.1 8.5 6.6 4.9
300 22,659 28.3 24.6 16.7 12.1 7.8 6.6 5.0
300 22,611 28.4 24.5 17.1 12.7 8.3 6.7 5.0
300 22,627 28.4 24.9 17.3 12.0 8.1 6.7 5.0

301 22,389 37.5 32.4 21.7 13.9 9.2 6.5 4.7
301 22,468 35.9 30.9 21.1 13.5 9.1 6.6 4.9
301 22,421 36.0 30.4 21.1 13.4 9.1 6.7 4.9
301 22,389 36.3 30.7 20.9 13.5 9.1 6.6 4.9

302 22,246 47.9 45.0 27.2 14.1 9.2 7.2 5.5
302 22,310 44.0 40.2 25.4 14.0 9.4 7.4 5.6
302 22,294 44.4 39.8 25.3 14.1 9.5 7.5 5.7
302 22,278 44.8 39.7 25.0 14.1 9.6 7.5 5.7

i• ~ aThird digit in position number shows cracking level (i..e.. WO0 initial coa-

•b bdition, 101 first cracking. and 102 second cracking).
c. Measured on plate.

-- Sensor location D. at center of plate, DI12 at 12 in. fron center of vlate,
oii•and D024 at 24 In. from center of plate.
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Table Bli

Falling Weight Results, Slab 4, Position 100

-3
b Deflection, x 10 in.

Load C C C C C C C
¾ a D D D D D D D

Position lb 0 12 24 36 48 60 72

100 22,850 18.0 16.0 12.9 10.1 7.4 5.9 4.3
100 22,961 17.8 15.9 12.8 10.0 7.6 5.8 4.3

* 100 22,929 17.8 15.9 12.8 10.0 7.6 5.8 4.3
100 22,897 17.9 15.9 12.8 10.0 7.6 5.9 4.4

101 22,310 38.0 32.4 22.9 16.3 11.2 8.1 5.4

101 22,532 35.5 29.3 22.0 15.6 10.7 7.9 5.3
101 22,516 35.4 28.9 21.6 15.5 10.7 7.8 5.2
101 22,516 35.4 28.8 21.5 15.5 10.6 7.8 5.2

102 21,912 50.1 45.0 28.4 16.7 10,7 7.9 5.7
102 21,928 46.8 40.9 27.4 16.3 10.4 7.8 5.7
102 21,9P 46.8 40.6 27.4 16.3 10.4 7.8 5.7
102 21,912 46.8 40.6 27.4 16.1 10.4 7.8 5.7

'1'

�1�

4Thtrd df�it in po�IN�n tiumber �hnv� truckIng level (I.e., 100 InItial con-

df2�h�n, 101 fI&-t�t cra'icing, and 102 �t�cr�nd trackIng).

CSetlsor location 1)0 at c�Ž�ter of plate, 1) 12 at 12 In. frail veneer of plate.



Table B12

Falling Weight Results, Slab 4, Position 200

db Deflection, x 10-3 in.
aPosdtiona lb DC D C D2C D C D4C D6C D7C

Position_ lb__ 0 12 24 36 48 60 72

200 22,246 51.4 38.9 25.0 16.1 10.4 6.9 5.0
200 22,310 51.3 38.5 24.7 16.1 10.4 7.0 5.0
200 22,262 52.0 38.9 24.6 16.3 10.6 7.0 5.0
200 22,262 52.4 38.8 24.6 16.4 10.6 7.0 5.1

201 21,4Q9 72.4 52.7 32.1 16.8 11.5 8.0 5.4
201 21,674 66.7 47.7 29.6 15.8 11.0 7.9 5.6
201 21,595 66.4 47.7 29.7 15.7 10.9 7.8 5.7
201 21,610 66.8 48.1 29.8 15.5 10.9 7.9 5.6

202 18,051 74.9 53.2 29.3 9.9 5.6 4.6 4.1
202 18,115 74.0 52.6 29.6 10.1 5.8 4.6 4.1
"202 18,051 75.9 52.7 29.7 10.0 5.8 4.3 4.0
202 18,115 75.2 53.1 29.9 10.2 5.8 4.3 4.1

'U'

'U

a Third digit in position number shovs cracking level (i..., 100 initial con-
Sdition, 101 first cracking, and 102 second cracking).

! 4easurtd "o plate.
CSensor location D0 at center of plate, D12 at 12 In. from center of plate,

and D at 24 in. from center of plate.
24
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Table B13

Falling Weight Results, Slab 4, Position 300

b Deflection, x 10-3 in.- Loadbc c CCC

lPosition b 0 12 24 36 48 60 72

300 22,818 20.7 18.3 14.1 10.6 7.3 5.8 4.4
300 22,770 20.4 18.0 14.0 10.5 7.5 5.7 4.4
300 22,770 20.5 17.9 14.1 10.6 7.5 5.8 4.4
300 22,739 20.6 17.9 14.0 10.6 7.6 5.8 4.4

301 22,484 23.6 20.9 16.3 12.1 8.7 6.2 4.7
301 22,580 22.8 20.2 15.8 11.8 8.5 6.2 4.7
301 22,564 22.7 20.2 15.8 11.8 8.5 6.2 4.8
301 22,468 22.8 20.1 15.8 11.8 8.5 6.3 4.8

302 21,960 40.2 37.2 26.3 16.1 9.2 6.1 4.7
302 21,976 35.2 31.7 23.8 15.2 9.2 6.3 4.8
302 21,960 35.1 31.5 23.9 15.1 8.9 6.3 4.8
302 22,008 35.2 31.5 23.7 15.2 8.9 6.3 4.9

I

a Third digit in position number shows cracking level (i.e., 100 initial con-

bdition, 101 first cracking, and 102 second cracking). SMeasured on plate.

Sensor location D0 at center of plate, D1 2 at 12 in. from center of plate,

and D2 4 at 24 in. from center of plate.
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Table B14

Falling Welght Results, Slab 5, Position 100

ab Deflection, x 10-3 in.
Loadb D D DC Dc DC Dc DC

Position Ib D0C0 12 24 36 48 60 72

100 20,371 4.3 4.0 3.7 3.3 3.0 2.6 2.3
100 20,466 4.2 4.0 3.7 3.3 3.0 2.6 2.4
100 20,419 4.3 4.0 3.7 3.3 2.9 2.6 2.3
100 20,419 4.3 4.0 3.7 3.3 3.0 2.6 2.4

"1,000 21,213 4.8 4.3 3.9 3.5 3.1 2.7 2.3
1,000 21,134 4.6 4.2 3.8 3.4 3.0 2.6 2.3
1,000 21,150 4.6 4.2 3.8 3.4 3.0 2.6 2.3
1,000 21,118 4.4 4.3 3.8 3.4 3.0 2.6 2.2

101 20,482 9.4 8.2 7.0 5.8 4.8 3.9 2.9
101 20,546 9.1 8.0 6.^ 5.6 4.5 3.8 2.8
101 20,466 9.1 8.0 6.9 5.7 4.6 3.8 2.8
101 20,562 9.2 8.0 6.9 5.8 4.7 3.8 2.9

102 20,721 13.7 11.2 9.4 7.8 5.9 4.9 3.6
102 20,784 13.1 10.7 9.0 7.5 5.9 4.8 3.5
102 20,641 12.9 10.6 9.0 7.4 5.4 4.7 3.4
102 20,530 14.6 10.5 9.0 7.4 5.2 4.7 3.4

1,020 20641 13.6 15.4 9.8 8.1 6.6 5.1 3.8
1,020 20705 13.5 15.3 9.8 8.1 6.5 5.1 3.8
1,020 20689 13.7 15.4 9.8 8.1 6.5 5.2 3.8
1,020 20641 13.8 15.6 9.8 8.1 6.5 5.1 3.8

103 20053 29.7 34.7 14.1 9.4 7.5 5.8 4.4
103 20069 27.6 31.9 13.3 9.3 7.5 5.9 4.5
103 20021 27.6 31.7 13,2 9.3 7.5 5.9 4.5
103 20069 27.7 31.7 13.2 9.2 7.4 5.9 4.5

aThird digit in position number shovs cracking level (i.e., 100 initial con-

bdition, 101 first cracking, and 102 second cracking).
bMeasured on plate,
CSensor location D at center of plate, D12 at 12 in. from center of plate,

and D24 at 24 in. from center of plate.
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Table B15

Falling Weight Results, Slab 5, Position 200

Deflection, 10-3 in.Load b D' c Dc D
SPosition a lb D0C DI~ D2C D6c D48 D60 D72C

Position_ lb__ 0 12 24 36 48 60 72

200 22,071 10.1 8.5 7.4 6.4 5.1 4.4 3.5
200 22,214 9.9 8.4 7.5 6.5 4.4 4.0 3.5
200 22,071 7.2 8.4 7.6 6.5 4.8 3.5 2.3
200 21,881 7.3 8.4 7.6 6.4 4.9 3.5 3.1

2,000 20,435 9.4 8.3 7.2 6.2 5.3 4.5 3.5
2,000 20,816 9.3 8.1 7.0 6.1 4.9 4.5 3.5
2,000 20,736 9.2 8.1 7.1 6.1 5.2 4.4 3.5
2,000 20,768 9.2 8.1 7.0 6.1 5.2 4.3 3.5

201 20,657 16.8 14.2 11.5 8.8 6.5 4.6 3.5
201 20,625 16.3 13.9 11.1 8.6 6.4 4.6 3.6
201 20,625 16.3 13.8 11.1 8.6 6.3 4.6 3.7
201 20,657 16.4 13.9 11.2 8.6 6.4 4.6 3.7

202 20,403 23.8 19.6 15.7 12.0 8.3 5.3 3.9
202 20,530 22.3 18.6 14.8 11.4 8.1 5.3 4.1
202 20,450 22.3 18.6 14.8 11.4 8.0 5.3 4.1
202 20,498 22.4 18.7 14.8 11.4 8.1 5.5 4.1

2,020 20,180 22.2 18.7 13.5 10.8 7.1 4.4 4.0
2,020 20,498 22.2 18.1 14.0 10.8 7.1 4.4 4.3
2,020 20,546 22.3 18.5 14.6 10.7 7.2 4.4 4.3
2,020 20,546 22.4 18.5 14.6 10.7 7.2 4.4 4.4

203 19,386 64.2 49.4 28.9 16.5 8.7 5.9 3.7
203 19,513 58.0 35.0 28.3 15.7 8.5 6.4 4.5
203 19,449 57.7 41.1 24.5 15.4 9.2 6.7 4.6
203 19,449 57.4 42.2 27.0 15.4 9.2 6.7 4.8

a Third digit in position number shows cracking level (i.e., 100 initial con-

bdition, 101 first cracking, and 102 second cracking).SMeasured on plate.

Sensor location D at center of plate, D1 2 at 12 in. from center of plate,

and D24 at 24 in. from center of plate.
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Table B16

Falling Weight Results, Slab 5, Position 300

LabDeflection, x 10- 3in.SLoadb C c c c c

Positiona lb D0  D 1 2  D24 D36 D48 D60 D72

300 27,680 8.2 7.8 7.2 6.8 6.4 5.9 5.4
300 27,394 8.3 7.4 7.2 7.0 5.9 6.1 5.5
"300 27,251 8.2 7.5 7.2 7.0 6.1 5.9 5.4
300 27,220 8.1 7.5 7.0 7.0 5.2 5.9 5.4

3,000 20,879 5.7 5.4 5.0 4.6 4.3 3.9 3.5
3,000 20,943 5.6 5.2 4.9 4.5 4.2 3.8 3.4
3,000 20,895 5.6 5.2 4.9 4.5 4.1 3.8 3.4
3,000 20,879 5.6 5.2 4.9 4.5 4.2 3.8 3.4

301 20,911 9.6 9.5 8.0 6.7 5.4 4.4 3.5
301 20,975 9.6 9.4 8.0 6.7 5.4 4.4 3.4
301 20,848 9.6 9.4 8.0 6.7 5.5 4.4 3.4
301 20,832 9.6 9.5 8.0 6.7 5.4 4.4 3.4

302 19,878 22.8 12.6 10.5 8.6 5.8 5.0 3.6
302 19,831 22.2 12.6 10.4 8.7 6 5.0 3.7
302 19,783 22.4 12.6 10.5 8.2 6.8 5.0 3.8
302 19,783 22.6 12.6 10.5 8.3 6.9 5.1 3.8

3,020 19,862 23.8 13.0 10.8 8.7 6.9 5.2 3.7
3,020 19,878 24.0 13.0 10.8 8.7 6.9 5.2 3.7
3,020 19,831 24.2 13.0 10.8 8.7 6.9 5.2 3.8
3,020 19,767 24.4 13.0 10.8 8.8 6.9 5.2 3.7

303 19,354 41.9 19.7 13.1 10.9 8.3 5.8 4.2
303 19,608 39.1 18.9 11.4 11.0 8.1 6.0 4.3
303 19,561 39.1 18.7 11.7 10.9 8.3 6.1 4.4
303 19,561 39.1 18.6 11.9 11.0 8.1 6.1 4.4

0

a Third digit In position number shows cracking level (i.e., 100 initial con-
bdition, 101 first cracking, and 102 second cracking).

Measured on plate.
C Sensor location D0 at center of plate, D12 at 12 in. from center of plate,

and D2 4 at 24 in. from center of plate.

B33



Table B17

Falling Weight Results, Slab 6, Position 100

b Deflection, x 10-3 in.
Load Dc c D D

Position lb 0 12 24 36 48 60 72

100 20,975 3.7 3.6 3.5 3.4 3.3 3.3 3.3
100 20,705 3.8 3.6 3.5 3.4 3.3 3.3 3.2
100 20,657 3.8 3.6 3.5 3.4 3.3 3.3 3.2
100 20,498 3.7 3.5 3.5 3.4 3.2 3.2 3.1

1,000 20,975 3.9 3.7 3.6 3.4 3.3 3.1 3.0
1,000 20,991 3.9 3.7 3.6 3.4 3.2 3.1 3.0
1,000 21,070 3.9 3.7 3.6 3.4 3.3 3.1 3.0
1,000 21,007 3.9 3.7 3.6 3.4 3.3 3.1 3.0

1. 101 20,546 6.5 6.1 5.5 5.0 4.3 3.9 3.4
101 20,625 6.4 6.0 5.4 4.9 4.3 3.8 3.4101 20,625 6.4 6.0 5.4 5.0 4.3 3.9 3.4

101 20,578 6.3 5.9 5.4 4.9 4.3 3.8 3.4

102 20,546 9.3 8.8 7.7 6.6 5.5 4.4 3.5
102 20,466 8.9 8.5 7.4 6.3 5.3 4.3 3.4
102 20,578 8.9 8.5 7.4 6.3 5.3 4.3 3.4
102 20,562 8.9 8.5 7.4 6.3 5.3 4.3 3.4

103 20,403 17.2 14.6 11.7 9.2 7.6 5.5 4.1
103 20,419 16.5 14.0 11.2 8.9 7.2 5.4 4.0
103 20,387 16.5 14.0 11.2 9.0 7.3 5.4 4.1
103 20,323 16.6 15.0 11.3 9.0 7.2 5.4 4.1

.,m

aThird digit in position number shows cracking level (i.e., 100 initial con-
"" dition, 101 first cracking, and 102 second cracking).
Measured on plate.

CSensor location D at center of plate. D 12 at 12 in. from center of plate.

and D24 at 24 in. from center of plate.
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Table BI8

Falling Weight Results, Slab 6, Position 200

db Deflection, x 10-3 in.
Postona lb DC Dc Dc Dc DC D6c D7c

Position lb89. 0 12 24 36 48 60 72
200 20,879 7.7 6.4 5.5 4.7 4.1 3.5 2.9
200 20,800 7.6 6.4 5.4 4.7 4.0 3.4 2.9
200 20,752 7.6 8.7 5.5 4.6 3.9 3.4 2.8
200 20,530 7.5 7.1 5.5 4.7 3.9 3.4 2.9

201 20,546 10.2 8.6 7.2 5.9 5.0 4.3 3.5
201 20,562 9.5 8.1 6.8 5.6 4.9 4.2 3.6
201 20,466 9.5 8.1 6.8 5.6 4.8 4.2 3.5
201 20,482 9.5 8.1 6.9 5.8 4.8 4.2 3.5

202 20,149 13.4 10.7 8.2 5.9 5.0 4.2 3.5
202 20,021 12.4 10.0 7.8 5.7 4.8 4.3 3.5
202 19,799 12.3 10.0 7.9 5.9 4.9 4.3 3.5
202 19,799 12.3 10.2 7.8 5.8 4.6 4.2 3.5

203 20,260 23.4 19.0 14.2 9.1 6.7 4.8 3.5
203 20,180 21.5 17.8 13.6 9.1 6.7 5.2 3.5
203 20,021 21.4 17.7 13.7 9.1 6.8 5.1 3.6
203 20,037 21.6 17.8 13.7 9.3 6.7 5.2 3.6

a Third digit in position number shows cracking level (i.e., 100 initial con-
Sbdition, 101 first cracking, and 102 second cracking).
SMeasured on plate.

Sensor location D at center of plate, D12 at 12 in. from center of plate,

and D24 at 24 in. from center of plate.
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Table B19

Falling Weight Results, Slab 6, Position 300

b Deflection, x 10-3 in.
Load c c c C C C C

Positiona Ib D 0 12 24 36 48 60 72

301 20,466 6.5 6.2 5.5 4.9 4.3 3.9 3.5
301 20,530 6.5 6.1 5.5 4.8 4.3 3.9 3.5
301 20,514 6.4 6.1 5.4 4.8 4.3 3.9 3.5
301 20,593 6.4 6.1 5.4 4.8 4.2 3.9 3.5

302 20,307 10.5 9.3 8.4 7.2 5.8 5.2 4.4
302 20,180 10.2 8.9 8.0 6.9 5.6 5.0 4.2
302 20,133 10.2 9.1 8.0 6.9 5.9 5.2 4.4
302 20,164 10.2 8.8 8.0 6.9 5.4 5.1 4.1

303 19,926 27.0 18.0 14.5 11.2 8.3 6.2 4.7
303 19,894 25.4 17.4 14.0 11.0 7.9 6.2 4.4
303 19,910 25.5 17.3 14.1 10.9 8.1 6.1 4.7
303 19,878 25.7 17.3 13.2 10.9 7.8 6.2 4.4

t.
aThird digit in position number shows cracking level (i.e., 100 initial con-

bdition, 101 first cracking, and 102 second cracking).
c Measured on plate.

CSensor location Dp at center of plate, D 1 2 at 12 in. from center of plate,

and D24 at 24 in. from center of plate.
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APPENDIX C

WESTERGAARD AND LAYERED ELASTIC STRESS CALCULATIONS



Table Cl

* Stresses Calculated From Corps of Engineers Test Sections 5 9

Layered Elastic Westergaard Edge

Test Item Stress, lb/in. 2  Stress, lb/in. 2

Lockbourne No. 1 A-i 405 836

A-2 599 1,215

B-i 504 1,035

B-2 759 1,527

C-I 558 1,051

C-2 853 1,553

D-I 572 1,035

D-2 877 1,527

E-I 505 907

E-2 771 1,331

F-1 396 700

F-2 625 1,072

K-3 570 973

K-2 410 729

N-2 564 945

1N-3 785 1,248

0-2 458 759

0-3 647 1,019

P-2 632 961

P-3 883 1,249

Q-2 465 699

Q-3 659 925

U-2 527 1,091

U-3 651 1.327

A-Rec 390 601

Lockbourne No. 2 E-I 629 1,061

E-2 574 961

(Cont inued)

(Sheet 1 of 3)
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Table C1 (Continued)

Layered Elastic Westergaard Edge92

Test Item Stress, lb/in. Stress, lb/in.

E-3 663 1,04•3

E-4 642 943

E-5 454 764

E-6 397 673

E-7 312 529

M-i 600 959

M-2 446 724

H-3 295 485

Lockbourne No. 3 - 976 1,785

Sharonville 57 315 596
Channelized 58 373 692

59 394 780

"60 416 872

61 349 717

62 274 571

Sharonville 71 249 479
Heavy 72 319 621

73 401 780

_WHAGL 1-Cs 580 1,093

2-CS 473 843

- 3-CS 394 680

* 4-C0 735 1,352

S2-D7 566 1,039

3-t7 461 849

KLJS 1-CS 656 996

2-CS 522 855

3-CS 580 1,017

4-CS 522 768

4-D7 643 945

(Continued)

(Sheet 2 of 3)
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Table C1 (Concluded)

Layered Elastic Westergaard Edge

Test Item Stress, lb/in. 2  Stress, lb/in. 2

SSPS 3-200 463 828

'I 3-240 564 993

4-200 463 784

4-240 555 941

S'•

(Sheet 3 of 3)
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APPENDIX D

CORPS OF ENGINEERS RIGID OVERLAY TEST SECTION DATA
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Table D2

Observed Field Deterioration Data

Item Coverages sc'

D 2.7-66 138 78
712 45

E 2.7-66 138 100
712 58

F 2.7-80 138 100
712 58

F 12.14-100 10 71
63 45

1,000 11
1,430 0

C 12.14-100 10 100
370 100
887 71

1,430 50

L 14.14-80 5 58
1,000 0

M 14.14-80 36 58
807 0

69 180 85
240 80

2,750 60
3,310 51
3,750 42-
3,810 38
3,940 31
4,630 20

D3



Table D3

Base Slab Stress Calculations for Unbonded Overlays

SSubgrade After Overlay

Item E, Ib/in.2 Stress, lb/in.2 Co F

23 12,800 229 2 x 107  9 x 10 7

23 6,300 263 1.5 x 106  6.7 x 106

24 12,800 277 634,056 2.8 x 106

24 4,800 326 53,621 229,609

25 12,800 345 24,851 105,596

25 4,900 402 3,827 15,957

26 12,800 372 9,537 40,136

26 5,100 444 1,311 5,408

27 12,800 430 1,830 7,577

27 4,700 513 330 1,343

28 12,800 536 226 914

28 3,800 656 48 190

9,600 335 2,228 9,242

6 9 b 9,600 335 8,301 34,885

I'

a Low flexural strength values used In analysis.
b Average flexural strength values used in analysis.
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Table D5

Calculated Composite Unbonded Overlay Deterioration

Subgrade 2

Item E, lb/in. Coverages SCI Remarks

23 12,800 25,687 100 Base did not crack

109,178 0

23 6,800 9,032 100 Base did not crack

37,991 0

24 12,800 46,473 100 Base did not crack

198,712 0

24 4,800 12,296 100 Base did not crack

51,877 0

25 12,800 40,426 100

51,764 34

25 4,900 55,162 0

7,357 100

26 12,800 7,894 85

9,926 0

910 100 Base did not crack

3,791 0

26 5,100 310 100 Base did not crack

1.260 0

26 12,800 2,556 100

2,831 88

3,762 28

4,105 0

27 4,700 609 100 --

672 81

892 5

901 0

28 12,800 615 100 -

706 0

(Continued)

D9



4 Table D5 (Concluded)-,

Subgrade 2 a
Item E, lb/in. Coverages SC___I Remarks

28 3,800 134 100 --

170 0
69a 9,600 6,297 100

7,687 0

6 9 b 9,600 23,067 100

S26,128 0

'I-.O

S,,

S•N g~~~lexural strength vle sdi nlss

"Average flexural strength values used in analysis.
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Table D8

Calculated Composite Partially Bonded Overlay Deterioration

Bond K

Item Factor Coverages SCI

D 2.7-66 1,000 76 100

194 0

750 95 100

252 0

500 134 100

355 4

357 0

250 262 100

456 46

479 0

0 1,592 100

1,631 0

E 2.7-66 1,000 362 200

502 53

640 0

750 481 100

530 86

781 0

500 661 100

1,087 1

1,088 0

250 1,088 100

1,423 53

1,460 0

F 2.7-80 1,000 571 100

785 15

793 0

(Continued)
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Table D8 (Concluded)

Bond K
Item Factor Coverages sCI

F 2.7-80 750 707 100

911 37

929 0

1,029 100

1,183 69

1,213 0
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